UBLISHED prge i ors oy
GHFU LiciiLy ki f

..-...‘.nﬁ.sr.-. i gﬁrzﬁ Eﬁ

PROGRESS REPORT TO THE NATIONAL AERONAUTICS

AND SPACE ADMINISTRATION

Research Grant No. NsG 239-62

\

4 : February, 1965
' "e>fi _'!!E§i7(}Z’)
//@%/

2
pAGILITY FORM ot

Prepared by the

Texas Engineering Experiment Statior
Space Technology Division

Texas A&M University
College Station, Texas




PROGRESS REPORT TO THE NATIONAL AERONAUTICS

AND SPACE ADMINISTRATION

Research Grant No, NsG 239-62

February 1965

Report submitted by

ORIGINAL SIGNED BY

H. E. WHITMORE

Harry E. Whitmore
Head, Space Technology Division

Prepared by the

Texas Engineering Experiment Station
Space Technology Division

Texas A&M University
College Station, Texas



Subject

SUMMARY

Project

Project

Project

Project

Project

Project

Project

Project

Project

Project

INDEX

#2--STUDIES BASIC TO CLOSED
MINIMUM VOLUME BIOLOGICAL
WASTE UTILIZATION UNITS

#3--HEAT TRANSFER FROM PLASMA
JETS

#5-~A MATHEMATICAL INVESTIGATION
OF THE STRUCTURE OF LIGHT
METALS

#7--COSMIC RAY MUONS
#8--SPACE STRUCTURES

#9~-SOLUTIONS OF ELASTICITY PROBLEMS
USING BOUNDARY CONDITIONS
OBTAINED EXPERIMENTALLY

#10~-CHARACTERISTICS OF SOLID
PROPELLANT OXIDIZER
SUSPENSIONS

#11-MAGNETIC PROPERTIES OF
SOLIDS

#12-EFFECTS OF EXTERNAL
IRRADIATION OF THE HEART ON
CARDIAC OUTPUT VENOUS PRESSURE
AND ARTERIAL PRESSURE

#13-A STUDY OF CADMIUM ABOSRPTION
OF RESONANCE NEUTRONS IN VARIOUS
FOIL MATERIALS

Pages

2-1

3-1

5-1

7-1

8-1

g-1

10-1

11-1

12-1

13-1

through

through

through

through

through

through

through

through

through

through

2-11



SUMMARY

Research at Texas A&M under NASA Grant NsG 239-62 now consists
of ten major projects which are covered in this report. Of the ten
projects, eight were being pursued at the time of the last semi-
annual report i.e., Projects 2, 3, 5, 7, 8, 9, 10 and 11. Projects
12 and 13 have been originated since the last report. It should be
pointed out that due to lack of funds, projects 2 and 5 have been
continued at a low level of effort without support from this grant,

The following separate proposals resulting from work under this
grant have been submitted to NASA for consideration during this
reporting period.

Project 8 - A proposal for the Analysis of Structurally Ortho-

tropic Shells by Means of the Compliance Method.

Project 11- Material Science - Studies on Properties in Radia-

tion Damaged Solids at Low Temperatures.

A proposal was submitted on 1 November 1964 for renmewal of NASA
Grant NsG 239-62 at a level of $150,000 per year. Firm planning
for a research program, at that level, has been accomplished. It
is hoped that an indication of approval of the proposal at least
verbally can be received early in February. It is desirable to
reorient personnel from teaching to research at the beginning of
the spring semester,

Plans for the NASA supported Space Research Center at Texas A&M



have reached the working drawing stage. At no urging from NASA,
Texas A&M has essentially matched NASA funding on this complex in
order to almost double the facility. This Grant is proving to be
indispensible in establishing new research programs in keeping with

expanding space-oriented personnel and facilities.
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CONCENTRATED WASTE STABILIZATION BY MINIMUM

VOLUME BIOLOGICAL UNITS

Project Investigator

W. W. Meinke, Professor of Chemical Engineering and Head of the
Chemurgic Research Laboratory

I. Introduction

Laboratory investigations on this phase of the research program
funded by NASA Research Grant No. NsG 239-62 were terminated as of
31 August, 1964. However, additional funding to support further
research in this area has been requested in the proposal for the
renewal of Research Grant NsG 239-62. This renewal proposal
entitled "A Proposal for Renewal of Research Grant NsG 239-62 for
Interdisciplinary Space Oriented Research in the Physical, Life,
and Engineering Sciences' was submitted to NASA on 1 November, 1964.

One of the suggested approaches in the renewal proposal is to
employ a "minimum volume" photosynthetic algae system as an auxil-
iary treatment for the effluent provided by a "minimum volume -
modified activated sludge system." In addition to this proposed
photosynthetic study, an independent research proposal on "Industrial
Photosynthesis' is being prepared in cooperation with North American
Aviation, Inc. North American currently has a research program in
progress on Industrial Photosynthesis with funds provided by NASA,
Details of the proposed contribution of Texas A&M University to the
Industrial Photosynthesis program is provided in Section IV of this

report,
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I1. Investigations on Minimum Volume Biological Waste Stabilization
Systems - A Summary

Experimental approaches and research data obtained by these
approaches have been provided in earlier progress reports.* In
general, body wastes - feces and urine - were blended and then
diluted to desired concentration for subsequent stabilization action
by different microbiological systems. Conventional laboratory glass
ware - flasks and bottles ~ were employed to contain the body waste
blend and the stabilizing microflora. Light, and aeration (by
shaking), no aeration or aeration (by pulling air through the media)
were physical factors imposed on specific biological stabilization
systems, Furthermore, all studies were by 'batch' procedures rather
than by "“continuous flow" methods. Finally, the conventional Bio-
logical Oxygen Demand (BOD) technique was employed to evaluate the
efficiency of a particular system under investigation,

Research results obtained have shown an activated sludge - or
rather a modified activated sludge - biological stabilization unit
is capable of oxidizing large amounts of organic matter provided by
body wastes, For example, an activated sludge system developed from
settled sewage influent to a municipal plant was capable - after a
proper acclimation period - of destroying essentially 907 of the BOD
of a feces-urine blend at concentrates of blend in the range of 1.43%
to 26.68% of the total volume contained in the biological stabili-

zation system., The blend of feces-~urine (100 grams of feces reduced

Research Grant No, NsG 239-62 Progress Reports of September 1963,
February 1964 and August 1964,
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to a slurry in a Blender with 1000 ml of urine) at the 1.43% level
provided a stabilization mixture with a BOD value of 353 ppm. After
24 hours the BOD of the effluent had been reduced to 90 ppm. This
value of 90 ppm is an average figure for 3 successive days of feces-
urine blend addition at the 1,43 volume 7 level. Average residual
values of 90 and 144 ppm were obtained with blend concentrations
of 2,86 and 6.67%, respectively. At a level of 13.347% of blend in
the system there was evidence of a slight build up of BOD; that is,
residual BOD values ~- 24 hours after the addition of this level of
blend - increased from 144 to 175, 175 to 204 and 204 to 293 ppm,
respectively, with the addition of 3 samples of blend at 24 hour
intervals, With the daily addition of 26.68% blend, the residual
BOD rose to a level of 456 ppm after the first addition followed by
24 hours of action by the sludge, to a level of 566 ppm after the
second addition and to a final value of 716 ppm after the third
addition of the highest test level of blend - namely, 26.68 volume 7%.
The 1.43% blend concentration approaches the normal or average
dilution provided the wastes of a man before it arrives as an in-
fluent to a municipal waste treatment plant. Based on this dilution
ratio, the average daily body wastes voided by man - essentially
100 grams of feces and one liter of urine - would require a pro-
cessing volume of approximately 77 liters or 24 gallons, In con-
trast the 2.86, 6.67 and 13,347 blend additions produced a final
supernatant essentially equivalent to that supplied by the original

1.437% blend but was accomplished in process volumes of approximately
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12.0, 5.1 and 2,6 gallons, respectively., Expressed in anothe; way
these data indicate the feasibility of treating the daily body
wastes of approximately 10 men in a 24 gallon unit and provide
essentially 907 reduction in the BOD of the body wastes, Such a
24 gallon, 10 man unit coupled with a second 24 gallon unit could
provide for stabilization of much of the remaining BOD.

The above data - despite the relatively short test period of
3 days - have significance in the design of waste management systems
for extended space explorations - for example, for orbiting space
stations, On such installations, it may be desirable to process the
concentrated body waste and solid or liquid food waste with a "mini-
mum volume" activated sludge system as a primary treatment, The
effluent from the activated sludge system would be combined with the
wash water and converted to potable water by distillation or other
physical means which have proven of merit for space explorations,
Further work is required to provide the true merit of this system
for space ventures.

Perhaps the greatest value or most significant feature of the
concentrate waste study is related to terrestial - rather than space-
waste control and management. Specifically, the data which have
been obtained demonstrate the ability of a modified activated sludge
unit to stabilize large quantities of organic matter if the organic
matter - feces and urine - are supplied to the unit in high con-

centration, These data suggest the use of terrestial waste
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stabilization units which employ smaller quantities of dilution
water to provide transit of domestic and industrial wastes from the
point of origin to the municipal or industrial treatment plant,
Smaller conduits for transfer of the waste could be employed and
smaller units could be constructed at the treatment plants,

It is also envisioned that the anaerobic digesters of municipal
plants could possible be eliminated and replaced by an aerobic
process - such as the modified activated sludge system. This could
be considered desirable because the liquid withdrawn from anaerobic
digesters must be subjected to further aerobic treatment. Further-
more, the residual solids which collect in the anaerobic digester
must be removed at periodic intervals and dewatered - usually on
sand filter beds. During rainy weather the dewatering operation
can present a problem., It is possible that the modified activated
sludge process could also stabilize the solids provided by the in-
fluent to a sewage treatment plant.

The "modified activated sludge" also has potential merit for
industrial wastes. In general the industrial approach is to dilute
their concentrated wastes prior to treatment or release to waterways
The concepts of concentrate waste treatment with a '"modified acti-
vated sludge" method indicate the possibility of treating concen-
trated wastes and thus permit smaller industrial waste management
plants and also provide a better control of waterway pollution by

industrial effluents.
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Concentrated waste treatment systems should provide continuous
efficient operation once equilibrium has been reached and as long as
the system receives a waste of uniform composition. However, the
functioning of the concentrated waste units could be altered by
change in concentration or composition of the waste being supplied
to the unit., Micro constituents - such as antibiotics excreted in
body wastes during antibiotic therapy - have an adverse effect on th
efficiency of a biosystem., Normal constituents of body wastes also
could adversely influence the efficient operation of a biological
stabilization system if a proper balance of these constituents is
not maintained. The biological oxidation process is realized throug
enzyme systems of microbial origin. Many of these enzyme systems
require the presence of specific metal cations - Ca++, Mg++, Mntt,
Zn++; etc. Furthermore, the presence of the excess of a given
cation - say catt - could obviate the desired effect of an essential
cation - 1i.e. Mn++; and thereby biological activity would be impaire
or cease, Thus, it is evident that the proper balance of inorganic
constituents must be maintained in the biological waste stabili-
zation unit,

The role of an essential metal cation may be further influenced
by organic matter of chelation potential. It has been suggested the
the metal ion need for a given enzymatic transformation forms a che-:
late with the enzyme. This chelate complex - metal ion and enzyme -

then brings about the desired biological trnasformation. However,
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in the presence of excess organic matter, which is also capable of
forming a chelate with the essential metal ion, a competitive type
of situation arises. That is, the metal ion is not available for
saturation of the enzyme because it also has been tied up in a
chelate bonding with the other organic matter. As a result the rate
of enzyme activity is decreased and biological activity is decreased

and in some instances essentially stopped.

III., Further Planned Research Approaches On Concentrated Waste

Stabilization by Biosystems

Details of further work planned in the area of concentrated
waste treatment by biosystems are provided in the proposal of 1
November 1964 which is a request for the renewal of Research Grant
NeG 239-62. The planned research approaches submitted in this
renewal request are as follows:
A, A Study of the Efficiency and Performance of Activated
Sludge Systems With Concentrated Body Wastes Over Extended
Periods of Time,

B. Study on Biological Systems as Auxilaries to the Activated
Sludge-Concentrated Waste Systems,

C. Basic Investigations On The Interrelationships of Anti-
biotics and Metal Cations In BOD Evaluations of Domestic
Sewage Influents of Variable BOD Content, and

D. Continuous Flow Biological Units.

IV, Research On A New Approach To Industrial Photosynthesis

Currently a research proposal is being prepared in cooperation
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with North American Aviation, Inc. on a new approach to Industrial
Photosynthesis., Industrial Photosynthesis - as defined by Dr. R.

H, T. Mattoni of North American Aviation - is a term to describe the
controlled growth of complex populations of microrganisms, princi-
pally unicellular green algae., Furthermore, Industrial Photosynthe=
sis combined into systems for waste water management is capable of:

A, Purifying waste water,

B, Providing reclaimed water, and

C. Producing high protein feed - algae,

This new approach stems from observations made during an investi-
gation on Evaporation Retardation In Small Reservoirs through the
application of evaporation retardant films of hexa- and octade=-
canol.* In this study it was observed that the continued applicatio:
of a 50-50 mixture of hexa- and octadecanol had a pronounced effect
upon the clarity of the water contained both in small test containers
(Figure 1) and in a dug earthen pond of approximately 1/5 acre water
surface, In contrast the water in containers or an earthen pond thati
received no film treatment remained turbid and supported abundant
growth of unicellular forms of algae which tended to remain in sus-
pension in the water. The film treated waters soon became clear and

in the case of the earthen pond the clear water supported the growth

* Meinke, W. W, and Waldrip, W. J., Research On Evaporation Retarda-
tion In Small Reservoirs, 1958-63, Texas Water Commission Bulletir
6401, (March 1964).
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Figure 1

Evaporation Control Investigations In Small Contalners




of bottom fixed macro forms of photosynthetic plants. The plants
grew and flourished in water depths as great as six feet. These dif-
ferences in water clarity and biota in the two earthen ponds cannot b
attributed to differences in the ponds or water supply because they
were constructed at the same time at the same location - in fact
separated only by a center dike - and were filled with water from
the same large earthen reservoir. Thus, the changes observed must
have been due to the film chemical which was applied.

There are possibly three explanations for the results which were

observed; namely,

A. The long straight chain fatty alcohols - hexa- and octade-
canol - were oxidized to carboxylic acids by the microflora
of the water, These fatty acids then combined with calcium
and/or magnesium ions of the water to produce a water in-
soluble soap. The insoluble soap then combined with col-
loidal particles of the water and ultimately sank to the
bottom of the pond.

B. The fatty acids, arising from the oxidation of the fatty
alcohols, also could have been toxic for specific microbial
forms in the water - perhaps the algae.

C. The fatty acids arising from the oxidation of the fatty al-
cohols likewise could have removed nutrients - phosphate or
essential metal cations - from the water and thereby pre-

vented or reduced the growth of the unicellular algae.
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In the proposed research program, which is being developed in
cooperation with North American, the water evaporation retardant film
chemicals (hexa- and octadecanol) will be added to the surface of the
settled waste effluents in order to evaluate the quantity of water
which can be saved due to evaporation abatement, to evaluate the
economics of such an evaporation control program, and to see if film
chemicals can control or change the biota of settled sewage effluent.
Films of the higher molecular weight straight chain fatty alcohols,
as depicted by Figure 2, are readily degradable by microorganisms,
permit free gas exchange, are non-toxic to fish life, and reduce the
rate at which water molecules can escape from the water surface to
the air above the body of water. 1In the final analysis it is hoped
that the film chemicals - when applied to oxidation ponds - will
not only serve to reduce water losses by evaporation but will serve
to establish - with proper seeding - and maintain a macro form of
bottom fixed or rooted photosynthetic plants. It is envisioned that
this form of photosynthetic plants can be harvested by a mowing
operation which will cut the plants at a given level below the water.
As these plants are cut below the water surface they will be
collected, taken to shore based processing units, and finally
utilized as animal feed.

V. Conclusions

Spplication of the research findings on the Minimum Volume Bio-

logical Waste Stabilization Units to immediate or near future space

ventures cannot be visualized. However, the data obtained could
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have merit in considering space oriented waste management problems
of the future - for example, for space stations or for extended
lunar explorations,

The data obtained to date have their greatest implication or
spin-off value for terrestial waste management problems. Treatment
of concentrated wastes - both domestic and industrial - possibly
could be realized with greater efficiency in smaller biosystems and
thereby decrease the pollution of the nation’s rivers and streams.
This concept is essentially opposite to current waste management
approaches which in essence employ dilution prior to treatment or
prior to release into rivers and streams,

The new approach to Industrial Photosynthesis - Section IV -
requires further basic research and it is hoped that funding can be
obtained for the investigation. If the concepts of the proposed
research could be realized it would be possible to recover larger
volumes of reclaimed water because losses due to evaporation would
have been reduced, and it would be easier to recover the macro
photosynthetic plants and reclaimed water - that is, phase separ-
ation would be easier than with unicellular algae.

In his State of the Union address, President Johnson pointed
to the need for increasing the beauty of the nation and ending the
poisoning of rivers and the atmosphere. In the opinion of this
investigator, the research concepts presented above - with proper
research and development - could aid in keeping our waterways free

of pollution and thus enhance the beauty of our nation.
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HEAT TRANSFER FROM PLASMA JETS

Project Investigators:
Dr. P, T, Eubank, Department of Chemical Engineering
Mr. J. R. Johnson, Graduate Assistant

I. Experimental

Considerable difficulty has occured in attempting to obtain
experimental heat transfer data from the plasma jet apparatus, Thes
difficulties have been traced to the generator system which deter-
mines the operating characteristics of the arc,

The arc is always started at a low power input from the generato:
The power is then gradually increased by increasing the output gene-
rator voltage. In this c;sé,vthe'generator voltage cannot be in-
creased continuously but takes discrete jumps which can cause the
arc to be broken, This phenomena was occuring in our system
particularly with nitrogen gas as the carrier. By placing a large
transformer in the circuit, this difficulty has been considerably
reduced, Also, it is helpful to begin operation on argon and
gradually blend nitrogen into the system after a high energy arc
has been stabilized.

Not so easily corrected is the failure of the generator system
to supply energy to the arc at or near the rated output energy of
the generator. It has not been possible to place more than 4
kilowatts into the arc from a 10-12 kw generator, While this low-
energy data was desired, it would appear that only through the
purchase of a considerably larger generator can high-energy arcs

be obtained.
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Numerous experimental runs have been made using argon as the
carrier gas. This heat transfer data will not be correlated until
the nitrogen and helium data is complete. The argon data appears
normal except the maximum heat flux to the cooling chamber walls
occurs not in the first chamber but rather the second indicating that
the plasma arc moves out of the orifice and nears the cooling wall
at the second chamber. Plasma temperature decreases as it journeys
down the cooling section. Thus, the maximum heat flux would be
expected immediately after the orifice in the first chamber. The
distance from the outer boundary of the plasma core to the cooling
walls decreases as the plasma moves downstream., Decreasing this
distance should increase the heat flux. Together, these factors
provide a logical explanation for the occurance of the maximum heat
flux at the second chamber.

1I, Theoretical

Calculations indicate that flow in the apparatus should be
laminar. Several empirical equations have been found in the litera-
ture for the heat transfer coefficient to an entrance section of a
pipe where flow is laminar and the walls are maintained at a
constant temperature,

Work is also proceeding on a differential equation to describe
the temperature variation in a tube apparatus with respect to the
radial and longitudinal direction, The coefficients in such an

equation are composed of physical constants which vary greatly with
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the extreme temperature differences of this problem. Using physical
property data from the literature, it is hoped that a complete
solution to the problem may be obtained by numerical integration

of the differential equation on the digital computer,
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A MATHEMATICAL INVESTIGATION OF THE

STRUCTURE OF LIGHT METALS

Project Investigators

Dr. E, R. Keown, Principal Investigator, Professor of Mathematics

Mr, W, F, Curry, Graduate Student

Mr, D, L, Hardcastle, Graduate Student

Mr. T. R. Ramsey, Graduate Student

Capt. G, E, Smart, Graduate Student

Mr, D. R, Wiff, Graduate Student

This is a report of continued research on a project formerly
supported by the National Aeronautics and Space Administration as
Project 5, NsG 239-62 on which a final report was issued in August
1964.1 Work has proceeded at a reduced pace due to lack of funding,
but worthwhile results have been a;hieved. Capt. G. E, Smart has
rewritten the code of the plane wave-sfametrizer which Dr. E. R.
Keown developed with the Solid State and Molecular Theory Group,

2 during the past year. The

Massachusetts Institute of Technology
symmetxrizer now not onliy determines which representations occur in
a given plane wave but also sorts out any duplications and punches
an input card to John Wood's APW’program.3 It is believed that by
February 1, 1965 the program will calculate and punch a complete
specification deck for the Augmented Plane Wave program.

Mr. Ramsey has the Herman-Skillman code converted from Fortran

II to Fortran IV and operating locally on the computer of the Data
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Processing Center, In addition to this, he has written a program
to take the punched output of the Herman-Skillman program4 and
convert it to a form acceptable to the APW System., Mr. Curry has
not completed the conversion of the main APW System from Fortran
II to Fortran IV; however, the Data Processing Center has granted
limited permission to use the existing Fortran II program on the
IBM 7094, It is anticipated that the complete conversion will be
carried out by Mr. Curry and Mr, Wiff.

Mr. Wiff has now passed his examination for admission to candi-
dacy for the degree of doctor of philosophy in the department of
physics, He plans to do his doctoral research in computational
solid state physics. He will calculate the energy bands of various
crystals of the zincblende structure, starting with boron nitride.
This calculation requires a serious modification of the APW program,
including a possible conversion to complex arithmetic since the
zincblende crystal does not possess a center of inversion symmetry.
He will begin his work with some calculations on the band structure
of germanium with the existing program in order to familiarize
himself with the details of the APW method.

Mr., D, L. Hardcastle has joined the program and plans to revive
our calculation of the hyperfine structure of 1ithium.5 He will
program the calculation by a procedure recently suggested by Prof,.
John Gammel of the Department of Physics, Texas A&M University.

This proposed new method has the potential advantage of providing
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a solution of the proper symmetry in contrast to some other competing
calculations,®>7
This report contains some ''final" bands for the diamond crystal

which have been completed since the last report as Figures 1 and 2.
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COSMIC RAY MUONS

Project Investigators

Dr. N, M, Duller, Principal Investigator, Associate Professor
of Physics

Mr. W. G. Cantrell, Graduate Research Assistant
Mr. D, L. Edens, Graduate Research Assistant

Mr. A, V. Jelinek, Graduate Research Assistant
Mr. J. R, Sharber, Graduate Research Assistant
Mr. E, L. Walker, Graduate Research Assistant

Mr. J. D. Winningham, Graduate Research Assistant

I. Review of the Work of the Past Period

Progress has been made on all the major muon detector components
discussed in the last report: (1) The large spark chamber has moved
slowly but tﬁeﬁlarg; aluminum plates are now being machined at the
edges for vertical mounting within the next month. (2) The wire
chamber system described in the report on the preceding period has
been temporarily abandoned for a new module-type rod spark chamber
which has the same advantages of the wire spark chamber but will be
easier to fabricate with accurate spacing between the electrodes.

The module consists simply of a Plexiglas box with the rods extending
through the walls of the box for electrical contact and to eliminate
the edge sparking, which is a common trouble with plates and rods

which terminate within the gas enclosure. Further details of this

type of chamber will be given in the next report since it is still
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in a formative stage. (3) The work on Geiger and proportional
counters of large dimensions has proceeded. Of particular interest
are counters made of Pyrex glass tubes with tin-oxide conducting
coatings deposited on the interior to act as cathodes. These are
still being developed but appear to hold considerable promise not
only for large counters but also as spark tubes completely analogous
to rectangular spark chambers, since the tin-oxide layer permits clea
vision through the tube walls., (4) The transistorized hodoscope is
now being assembled and tested.

A new and important activity in this project is the development
of electromagnets to be used in the spectrometer-telescopes which
will form the heart of the high-energy muon experiments. These
magnets are to be solid-iron magnetic circuit devices (no air gaps).
The configurations of the iron being worked with are displayed in
Figures 1 and 2, Figure 1 shows a single iron loop formed by slabs
of Armco magnetic ingot iron. In this configuration the copper
windings are laid on the two long legs of the iron loop, and it is
through these two legs that the high-energy muons will pass and
within which they will be deflected by the saturated magnetic field
of about 20 kilogauss. Figure 2 shows a mock-up of another arrange-
ment of laminations which form a conventional H-frame with two return
flux paths on the outside but without air gap in the middle leg
where the flux is concentrated. In this configuration inexpensive

mild structural steel can probably be used in the outer loops where
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the copper will be wound, especially if the cross sectional area of
the outer loops exceeds that of the middle leg. As now planned the
middle leg will be of magnetic ingot ironm laminations and free of
copper windings, and it will be through this element of the magnet
that the particles will pass to be deflected. At least two such
magnets will be required for each spectrometer. Spark chambers will
be situated in the particle trajectory regions outside the magnets
and between them for recording initial and final directions of each
penetrating non-nuclear particle (presumably always an energetic
cosmic ray muon). Analysis of the tracks in the outside chambers
will give the momentum and the charge of each particle detected.

The chamber between the magnets will give near-redundant information
which will help to evaluate the multiple Coulomb scattering of the
muons within the iron.

II. Work Planned for the Next Period

The magnets will be the principal item of development during
the next few months. It is hoped that with the operation of the
spark chambers and triggering systems (including the hodoscope)
very soon, two magnets will complete one spectrometer-telescope with
which we may begin actual intensity measurements with spectral details

and charge determinations.
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Mr. R. E. Harvey
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. lIntroduction

This project is concerned with two areas of research:

1. Behavior of Isotropic and Anisotropic Shells

2. Impact Attenuation Devices

The objectives of the shell research are specified in four phases

as follows:

a. Development of a general set of thin shell equations for an
orthotropic material.

b. Development of a general set of equations for a material
exhibiting plane anisotropy.

c. Development of a general set of shell equations exhibiting
plane anisotropy whereby the elastic constants do not exhibit
diagonal symmetry.

d. Limited testing of the various structurally anisotropic materials
when applied to different shell configurations to determine

the degree of compliance between theory and test.
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The impact attenuation research has involved the development
and evaluation of various energy absorption devices which rely on
the failure of a structural device as the energy absorption medium.
This report covers the work accompliished from July, 1964, through
December, 1964,

Il. Progress on Shell Research

Part (a) was completed in the previous reporting period and was
included in the August, 1964 progress report. Work has progressed
on part (b) and it is expected that a final report on this portion
will be included in the August, 1965 progress report. Work on Part
(c) has continued.

Further research is being planned to investigate the discrepancy
between the displacement shell equations and the stress resultant
shell equations. Toward this end, a paper has been submitted for
publication which deals with the development of the displacement
equations starting with the Navier equations of elasticity (see
Enclosure 1). The stress resultant equations can and have been directly
derived from the Beltremi=Mithell. equations:.

The basis for the discrepancy lies in the Kirchoff hypothesis.
Since this is an approximation, there is no reason to expect that its
effect on the displacement equations is the same as on the stress
resultant equations. However, since the Kirchoff condition does lead
to oniy approximate equations, the question does arise as to which
set of equations leads to a more accurate solution. One of the hopes
of the present research is to take the residue terms from éither the

displacement or stress resultant equations, that is, terms from one
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system which do not have a counterpart in the other system, and relate
them to some physical entity such as middle surface strains. Inspection
of these terms may indicate the magnitude of the error and possibly
which system of equations is a better approximation.

I1l. Progress on Impact Attenuation Research

The investigation of the energy absorption characteristics of
frangible tubes has continued. A final report of the work done by
Mr. A. J. Chaput is given in Enclosure 2. Mr. R. E. Harvey is in the
process of conducting additional tests in order to better establish
the relationship between the theoretical forces and those actually

encountered in a franging tube.

Page 8-3



THE EFFECTS OF THE SECOND OF THE
KIRCHOFF HYPOTHESES ON THE D ISPLACEMENT
FORMULAT[ON OF THE THIN ELASTIC

SHELL EQUATIONS*

by

T. J. KOZ[K
DEPARTMENT OF MECHANICAL ENGINEERING

TEXAS A&M UNIVERSITY

*The paper presented here has been submitted for publication to
Journal of Applied Mechanics.

ENCLOSURE 1



THE EFFECTS OF THE SECOND OF THE KIRCHOFF HYPOTHESES

ON THE DISPLACEMENT FORMULATION OF THE THIN ELASTIC SHELL EQUATIONS!
T. J. Kozik2

ABSTRACT
The purpose of this paper is two fold. First, to develop in a

systematic manner the thin elastic shell displacement equations starting

from a modified form of the Navier equations of elasticity stated in

curvalinear coordinates. Second, to illustrate that the displacement

formulation of the shell problem is sensitive to the discrepancy

that arises in simultanously assuming a plane stress and plane strain

condition as is normally done when the stress rgsultant approach is
used in shell analysis. The ensuing development demonstrates that it

is necessary to discard the second of the Kirchoff hypotheses if a

plane stress solution for the displacement formulation is desired.

INTRODUCT ION

The classical assumptions of elastic thin shell theory are the
Kirchoff hypotheses, namely:
a) Straight lines initially normal to the shell middle surface
remain so after deformation.
b) A line segment normal to the shell middie surface does not

suffer any extensions or contractions.

IThe work here reported was done under NASA research grant NsG 239-62.

2Associate Professor of Mechanical Engineering, Texas A&M University,
College Station, Texas.
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The first assumption neglects the effects of the transverse
shearing stress while the second limits the solution to that of
plane strain. An additional assumption is also included in thin
shell analysis, namely, that the normal stresses normal to the shell
middle surface are small in comparison with the remaining stresses
and hence may be neglected. The use of this assumption is equivalent
to stating that the shell problem is approximately one of plane stress.

The fact that the second of the Kirchoff hypotheses and the normal
stress assumption form an inconsistent argument has been noted by
Reissner (1)3 among others. However Reissner points out that the ensuing
error in the stress resultant formulation of the shell equations is
negligible.

Though shell equations are most frequently developed in stress
resultant form, an alternate method of derivation exists whereby the
equilibrium conditions for an element are stated in displacement form.
In this manner, a set of shell equations may be obtained which are in
terms of the middle surface displacement components and whose develop-
ment obviates the need of stress resultants or compatibility equations.
Viasov, (2), (3), has used this approach in his development of shell
theory and a good deal of what follows is based on his work.

The purpose of this paper is to show that a displacement formula-
tion of the shell problem ig sensitive to the discrepancy in simultane~
ously assuming a plane strain and plane stress condition. In order

that the shell equations degenerate to those of the plate, it is

3Numbers in brackets refer to the references given at the end of
this paper.
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necessary bo assume only the plane stress condition. Thus the second
of the Kirchoff hypotheses must be relaxed and as will be shown in
the ensuing development, the explicit form of displacement normal

to shell middle surface must be determined.
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LIST OF SYMBOLS
Principal curvalinear coordinates for the shell middle
surface.
Distance measured normal to the shell middle surface.
Lamé surface parameters for the middle surface.

Lamé surface parameters for a surface parallel to the
shell middle surface.

Shell thickness.

Components of the displacement of a point of the middle
surface in the « ,‘B andY directions.

Principal curvatures of the surface in theo and,s
directions.

Gaussian curvature, k] ko

Mean curvature, (k] + k2)/2

Young's Modulus and Poisson's Ratio
Lame elastic constants.

Volume dilatation

Rotation of an element about the axis.
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THEORY

The displacement equilibrium equations for a thin elastic shell
are directly derivable from a modified form of the Navier equations
of elasticity. These latter equations are stated below and their

proof may be found in Vlasov (2), Part 1|].

(’}\-1-2/4) H—I-:-'ﬁ:éa% —.Z/Z[éa/—-@(‘Hewv) —a%(szﬁ)J + Hz H3 E,= o (])

(m+z/)“ 8A ,2/4(22_@6%\ (Hecovﬂ + HyH Fg =0 (2)
HH, 38 _2 4|3 _ P -

ﬁwd)fza—v 24 aq(“‘z,wﬁ) a—/%m.w«)]‘* HH R =0 (3)

The quantities Hy, Hjp, H3 are the Lamé coefficients of the quad-
ratic differential form for a line segment ds expressed in terms of an

orthogonal system of curvalinear coordinates,

dSZ— H, C(c( +HZC/‘@ + Ha C{Y

The volume dilatationA is defined as the sum of the three normal
strains and in terms of the displacement components Juosx%erliy is

expressible as

[@_(Hz H3,UVQ+,3__(H3H u)g)‘;.a.(H H, U4 )J )
FJHZ 3

The components of the rotation of an element, COy ,cqe and (Wy
taken about axis tangent to the o ,ﬁg and Y coordinate lines res-

pectively are given as

[ja (Fbxz;)____(ﬁzigé;] (5)
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=1 ] S_2 (i uvﬂ
Lg HaH, _%(H,u\ o k& )

H Hy |9 93
Finally, the quantities P, Be and P, represent components of

the volume loading.

In dealing with thin elastic shells, the curvalinear coordinate
lines, and/6 , are chosen so as to be parallel to the lines of
principal curvature of the shell middle surfacé and the coordinate
Y is taken to be normal to and zero at that surface. Positive v
is directed toward the convex side of the shell or toward the centers
of negative curvature if the signs of the radii of curvature are
not the same.

For an element of length, dS, lying on the middle surface,
the quadratic differential form becomes

ds?e A%ty Bide™
and for an element ds lying in the interior of the shell,
ds ~ "\,Zdot gh h:d/e Zrdv 2
where

h‘= /\(j +-h;v) 3 h2= E3<1+'ELY5

Thus for a shell;
Fﬂ=5‘ b H&=}h 5 Ha= 1
The equations of equilibrium for an elastic shell may then be

written as;

h, 34 . 9wy _ 3 (+ h, B -
(MZ/OFI S %[a(@ v h’“wpﬂ+ @m0 - @
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(7\'*'2/4).’2:%% —Z/ [a%(h,wu\- g&u_)f + ’7. ’/De =0 (9)
(7\'*2/&)‘“"12«%%‘2/41;%4’).@@3-42-4)1‘0«\ +Al hz'?=o (10)

The volume dilatation and the rotation are given as;

A= —'-L-Z 5 ﬁ‘ Mob{-/%—ﬂ\ /a,e)+ (}7 yﬂ (1)
v h
2Wy = [3; a%( AJ (12)
,acge ___ 13_(%1;;\ allw:] (13)
-1 alug- 2 (h wﬂ
2y = I"z L%( 2 M) 5 M (14)

The equations (8), (9), and (10) represent the general displace-
ment shell equations and are applicable to thick as well as thin shells.
Any solution which purports to be an exact one must satisfy this system
of equations.

In applying the above system of equations to a thin elastic shell,

use will be made of the first of the Kirchoff hypotheses. . The various
parameters which enter into the equations will be expressed as power
series in Y . Since the shell is assumed to be thin, the series will

be truncated at that point where the further contribution of the
omjtted terms will be smaller than the inherent error due to the

Kirchoff hypothesis, namely bg
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The consequence of the first of the Kirchoff hypothesis in linear
shell theory is to prescribe a linear variation in the Y direction
for the tangential displacements Ay and 1%5 . The corresponding strains,
e ﬁae and 6%9 can then be shown to be linear in the cogrdinate
though to do so it is necessary to truncate a Taylor expansion.
Assuming now that the plane stress condition exists, namely ng:’cb
then at each point in the shell the normal strain &,, will be a linear

function of the strains & _, ?%9, and hence will be of the same order

of magnitude as these strains. Thus &,will also be a linear function

of the coordinate Y. The net result is that the dilatation, which
is the sum of the three normal strains, will also be a linear function
of the variable Y .
The rotation component (Wy is involved with the tangential dis-
placements,ackand;xﬁg, both linear in v . But more importantly,
it can be shown that this component of rotation is of the same order
of magnitude as the shear strain gpwhich is linear iny . Thus
the rotation component w), may be considered a linear function of v .
The rotation components u4*andcq3 can be shown to be of the same
order of magnitude as the shear strains &, and ggy. However nothing
can be said of the order of magnitude of these strains and therefore a
definite truncated expansion in powers of ¥ cannot be made for these
rotation components. Even if an expansion could be made for these com-
ponents, a certain contradiction would occur since the Kirchoff hypothesis
negates the warpage of the normal and hence the existence of the trans-

verse shear stress.
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Rather than deal with rotation components Wy and Wa these
terms will be expanded in their displacement form as given by (12)
and (13). Since the rotation components are of the same order of mag-
nitude as the transverse shear strains, then in recombining the dis-
placement expressions for the rotations it might well be expected that
groups of terms can be readily rearranged to form transverse shear
strain and hence shear stress expressions. As is normally done in
shell analysis based on the Kirchoff hypothesis, these quantities
are then carried along in the equations without any statement regarding
their explicit form and ultimately eliminated from the shell equations
by substitution.

Based on the above arguments, the equations of equilibrium, (8),

(9), and (10), may be rewritten as the following.

@+Z/)H,_§A-2/ZA.B_@_Y+2/4A5Kﬂo«—2/éa%@l %gr (15)

| 2
'h_av hh G"‘Y)*hh

(e 2d)h, 3o _..z/éh acow,z/énam,g z/.&.ﬂq,au) (16)
2

,,ﬁ_zéa;(hz hGor) by, 2=

_2(’}\+2/J)(H+KV)ABA+Z/4E%(Bkz'ueh-la/% (F)/?,Lge)+298KMJ (17)

+ 44 PB(H+Kv) Pry D (h;00y) %% (hiGen) 12 (hp.Ore)+ hib, B =

In deriving the above form, use was made of the conditions of

Codazzi and Gauss, namely,

1 ah, 3k = 2h,
hy v 38 989y
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2
_L_ ’é.b‘ %2. = a__,-"'z-
h, 0Y dA QAudY

i(kﬁ 3 a/e(‘:,a[e = - ABK

and the stress strain relations for the transverse shear stresses as

well as the displacement definitions for the transverse shear strains.

o:‘\(:z'/&[h (&) h, au
_2/4 [._hlav(h,_> h BMY]

Cyy= (ﬁ\+294)43 zgli[jh Al 4—’%; .%% f34-ﬁr-§{y My
Hz
+-I"1L- 3 u +hzal’)9_/uj

Note that equations (15), (16) and (17) are still the general

Q

ey

shell equations in which no simplifications have been introduced. In
the third equation, which is equivalent to force summation in theY
direction, it is necessary to explicity state Oyy in order to take into
account surface loads. In solving these equations, under a plane stress
restriction, a contradiction will result in that the third equation will
contain functions directly dependent on this normal stress. However
the magnitude of error from this descrepancy should be no more than
that encountered from the use of the first of Kirchoff hypothesis.
Letting 4 ,V" andcs represent the displacement components of the
middle surface along the tangents to the o, f? and Y coordinate axis
respectively, the first of the Kirchoff hypothesis leads to the following
relations for the tangential displacements

faog—/(-L-l-Ch u——a_‘A:>Y+ (‘?A——%Sf)feyvd\’
Mﬁ: V-J-(hz'lf-—é-a_(%r)y.;. (hz'lf—é-g_/—(g—J)L evvdy
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Since the expression for €, must certainly contain displacements

or their derivatives, a linear solution for the tangential displace-

ments will be

Ay = A K -—._‘_.a('(r '

wm o+ (ko t der)v (18)
AL v L QWS

Ug= vr (kv & 55 v (19)

Hence the tangential displacements are unchanged from the values
that would be found if the first and second of the Kirchoff hypotheses
were used.

The dilatation & in polynomial form is given as

A= Ag+ LY (20)
and the rotation Wy in polynomial form is
Wy = Wey+ O,V (21)

In order to determine the expression for the normal displacement
component Uy, it is first necessary to determine the expression for the
strain ny. From the condition of plane stress

&y=7%%“Q&x+%$)
The above may be rearranged so that

Quy= - N A (22)
2 A
Substituting (20) for the dilatation and using the definition for the
strain, namely
eyy - a&l’(
oY
the above equation may be integrated with respect to to yield

2
Myz W DAY O, Y7 (23)

2/ 44 z
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Hence unlike the tangential displacement components, the normal displace-
ment component must be chosen as a quadratic in Y.

In order to determine the dilatation components expression (18),
(19) and (23) together with the expressions for hy and h, are substituted
into (11) and the resulting polynomial in < is truncated so as to be
linear. Comparing this resulting expression with (20), the following

result.

24 2 (4 ]
Bo= (~+2.4) AB %(BMM Y ) (24)

A= (7\+2/{)AB[-5-(H8M3+_&.(HAVZ? Z.Z )ABL (2

8 38 >] ("M—zyl) ABE—&(B/“) (A'V)J %/{)[K (25)
- 4_@_\_1:!_) ij’

(W+2.4)
In a similar manner, the rotation components may be determined as

follows

[ 2 (8v) —a/-g—ﬁ)/uz] (26)

ZJQE

=" @'—k‘\ B s \A (M) A o (lﬂ 27)

Having expressed the dilatation A , the rotationcd,, the displace-
ments,a*,xas,zayin polynomials in Y, the three equilibrium equations,
(15), (16), and (17) are transformed into polynomials in the variable Y .
These equations may first be integrated with respect totiv’over the shell
thickness § . The result will be three equations in terms of five
unknowns, the three components oﬁ the middle surface displacement and the
two transverse shear stress resultants. A second integration of the

first two of the equilibrium equations, (15) and (16), with respect to
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YdV’ over the shell thickness will result in two additional equations
in the same unknowns. Thus five equations in terms of five unknowns
result.

Rather than make the substitution for the dilatation and rotation
components as given by (24), (25), (26) and (27), or for the displace=~
ment component Uy, it would be simpler to leave the five equations

in terms of A, , 4, , Wy » O, and integrals of Uy. These five equations

are as follows

At 24) B@A“.f? S aa) z/@(aco”kg_ aw>+2/984<xt

12 a{e (28)
-2 Y d ABR G + ABX. =0
lj av(h2 ) dv + 4Bk, + AE
('Mz/&),q(aauh s 84},@/ (aco°+ 25 %c;o +2kABKY -
-&éj h MY dv+ 88k, Q,+ABY =0
_z(m+2/()456-m°+l<§_zs)+z/d[i(Bk A) 4 2 (Akﬂ]
(30)

+4,4ABK] ,uYC(y+4,495f (H+;<Y)aauydvg§z(g§g5

+A(A@)+é_az -0

(N (amk 229) ~24a g@w.ﬁ»kawgwnefé(r«.u (31)
Zlf Y a(h 3“>dv-AB@.,

8/ aY
mz/)A; (aA. +h 340)4.2,4 BE%(30 +k, 300).+ 24 93,52'_(53(k2_v

(32)
CI% -.2/4f Yi(h A(«(v C]Y-—ABQZ-—O
B 5/6
In these expressions, the transverse shear stress resultants Q
and Q, are defined as, K73
Q=% f h X Tydy J h, %y dv

%
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The components of the middle surface loading, X ,Yandz are

given as;
’ 5/2 L7%

X= g [Pl + [ hhiRdr]

= _.lB [}1.)-,2 Oy l_:+ i:.’a,bl%dvj

% A
r _L h,h, W/s/z+ f h,Hszc‘YJ
lo, T dg,

Equations (31) and (32) may now be solved for Q; and Q; and these
expressions substituted into (28), (29) and (30). Thus the resulting

system of equations will be three in number ultimately containing only

three unknowns, namely the components of the middle surface displacement.

These resulting equations may be simplified by neglecting terms which
give a refinement greater than the error inherent in the analysis from
the utilization of the first of the Kirchoff hypothesis. That is, the
approximation will be made that(]+hE§3¥:1. It will also be assumed
that the curvature change and torsion expressions for the middle surféce
may be simplified so as to include only the normal displacement term w™,
Subsituting the expressions for Q; and Q2 and the expressions for
the dilatation components, the rotation components and the normal dis-
placement, and simplifying, equations (28), (29), and (30) become the
following.

4/ff\+/4)_L,_a(BAQ S sé(w) 3}@_@ _A_[a(Bv)

vz ) A Y (N+24)
~ TAM | 4 2L ABKM - 24 B, 234+ ABX =0

/6

(33)
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4A(KF+A)_L a(hxﬂ 3B + 8O+ A G - A (SCALO

N+2 0% A/ (124 38 A L Ix3s (34)
- a_ﬁazrv:[uAABKv-zAAh.a_arJr ABY.. O
D™ 0B $ _
2 (B @_ . 8"!\+)[&".3_'_4
24 [3“( h,.,@«l- (Ak, u‘)] -’LAEZS B+ k7 (AVj r%(iAB[K )
- 4Orede) w—_éFM@AB Vew‘+é_BZ o
A+ 2.4) 3(’1~+z/~)

The quantity<7e is the biharmonic elliptical operator. The

harmonic elliptical operator is defnned as

vé'““zlé[a%«(%a%l ) ea,e )]

In terms of the elastic constants £ and v~, the equations (33),

(34) and (35) become

y [a B, 2 (A”]u.s 3(Hw)_ r-v)[a ‘) _ 3 (AMBJ

Ot o34 dk08 (36)
+-VABK - (- Bk 3 + (1-v?) 2B ¥ o
3 (Av) 3 (B.) 5(H YA (3 *(8v)
[ Bdaﬁj +2A30e). ( . [3*3,8 doc (37)
+ (- ABKT —(1-V) AR, a/g",« (i- V) AB ¥Y=0
N2 (BR)+ 2 ARY) 'ZHP (Biha‘-a—@ﬂ] 2A81:6-v)r<

2 4 R
—2H Jur - AB,—% VeW +(i-v )AB Z=0
CONCLUS |ONS

The resulting shell equations, (33), (34), (35) or (36), (37), (38),
degenerate to the plate equation for k; = k2 = 0. |f the second of the

Kirchoff hypothesis were utilized together with the plane stress assumption,
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a displacement development of the shell equations would still be possible.
The structure of the equations would be identical to those dreived.
However, the elastic coefficients of the resulting equations would
differ from those presented. Further, if the solution were degenerated
to that of a plate, the resulting plate equation would not be the one
that is encountered in plate theory. Though the variable would be
the same on the plate equation, the constant dependent on the elastic
properties would be the one which would be found if the plate were
solved as a plane strain problem. Thus it appears that if the plane
stress and plane strain conditions are assumed simultaneously in a
displacement formulation of the thin elastic shell equations, the plane
strain condition will prevail.

Vlasov develops the thin elastic displacement shell equations in
a manner analogous to that described. Unlike the derivation presented,
his analysis utilizes the second of the Kirchoff hypotheses and thus
assumes that the normal displacement, U, is constant though the shell
thickness. As might be expected, his resulting equations stated in the
elastic constants N and,4 differ from those presented in this paper.
in fact, using the proper definitions of N and/z , his development is
that for plane strain rather than plane stress. However, his equations
stated in terms of the elastic constantsE and are the same as (36),
(37) and (38). This apparent contradiction comes about from Vlasov's
redefinition of N ;

EVv
M
This is the equivalent Lamé/elastic constant for the plane stress

probiem.
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Symbol

avg

TABLE OF SYMBOLS

Description

Force
Initial force

Generalized force

Maximum force after initial fragmentation

Minimum force

Average force

Theoretically predicted force

Moment

Resultant force

Resultant force in vertical direction
Resultant force in horizontal direction
Frictional force tangent to die surface
Force normal to die surface

Tensile yield stress

Tensile ultimate stress

Coefficient of friction

Outside tube diameter

Tube thickness

Initial tube radius

Die guide radius

Final radius

Forming die radius

Tube circumference

Change in tube circumference
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Units
1b.
1b.
1b.
1b.
1b.
1b.
ib.
in-1b/in.
1b/in.
1b/in.
1b/in.
1b/in.
1b/in.
psi
psi

dimensionless



Symbol

(X,Y)

mm < m

Description

Dimensionless coefficient
Dimensionless coefficient
Angular position

Angular position

Rectangular coordinates
Modulus of elasticity
Poisson's ratio

Tangential strain at rupture

Tangential strain at yield
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Units
dimensionless
dimensionless
dimensionless
dimensionless
in.
psi
dimensionless
dimensionless

dimensionless



l. Introduction

The critical weight, size, and environmental requirements demanded
of spacecraft landing systems-have resulted in an extensive research
program to formulate, analyze, and experimentally investigate promising
energy-absorption systems. Of the many systems investigated, one
general method of energy absorption indicates wide application because
of its efficiency, simplicity, and reliability. The method is that
of mechanically loading a metal structure to produce an impact energy-
absorption stroke.

One system employing the above method which appeared to satisfy
all the stringent requirements demanded of an effective landing impact
dissipation system is the frangible tube energy-absorption system]*
(see Fig 1).

The frangible tube energy-absorption system dissipates impact
energy by a fragmentation process. A tube is pressed over a die shaped
such that the end of the tube is caused to break and fragment (see
Figs. 2 and 3). This fragmentation is referred to in this report
as '"franging."

Although a fluctuating force (see Fig. 4) results from the
fragmentation process, the mean force furing the fluctuation is
approximately constant. It may be noted that a large initial force
is required to initiate fragmentation. However, it is recognized that
the initial peak force.should be reduced as much as possible in efficient

impact-attenuation systems.

*Superscripts refer to references listed at the end of this report.
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Although the frangible tube energy-absorption system has many
desirable qualities, it should not be considered the panacea for
energy absorption applications. |t was in fact the occurrence of
many undesirable phenomena which prompted the analytical investi-
gation in this report. For example, it was noted in loading two
geometrically simjlar tube and die geometries of different scale,
that one fragmented in the proper manner while the other suffered
local instability with no indication of fragmentation.

It is anticipated that the simplifiedianalysis presented will
provide insight into the complicated and complex phenomenon occurring
in the frangible tube system. It is recognized by the writer that
the simplified approach in the following analysis will not and can-
not be expected to faithfully reproduce the complicated loading and

stress conditions experienced by a franging tube. However, it is

considered that the approach may offer sufficient accuracy for at least

preliminary engineering computations.

This report contains not only the final analysis of the system,
but also a history of previously attempted analyses performed in
conjunction with this research. It is a secondary objective of this
report that many of the "blind alleys' encountered during this inves-
tigation may be of interest to other investigators.
i1. Derivations

The derivations will be presented in the order in which they
were developed.

First Analysis - Derivation

The first analysis was attempted under the following simplifying

assumptions:
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1) Friction is neglected.
2) Al deflections are considered small.
3) Failure of the tube occurs as the circumferential strain
reaches a maximum value.
L) The tube is considered as a thin cylindrical shell.
Consider the sketch shown in Figure 5. Examining a strip of tubing
of unit depth one can see, by calculating forces in the horizontal

and vertical directions, Q and P, that

(:Q = FQ (:055 6} _ (1a)
P =R SmO 8

The applied force is related to P and Q by

(:Q = f:>(z;Cjt;v€E> = z?ggijbt:>(jkﬁ GE) (3a)

From geometric considerations it can also be seen that the

deflection w is given by

W = r(\-Ccs@) (ka)

In reference 2 (Eq. 278, p. 469) the and deflection w for a

tube subjected to a radial force, Q, is determined to be

iCH :
\pd ,) 2?‘55 I) (5a)

where 3(| NS
B 2

I =1
D= 20-9

and h and a denote the tube thickness and radius respectively.

and

Combining Eqs. 3a and 5a produces

W = %%);‘)—g (6a)

From Eq. 4a one finds
Cos© = |- ¥ (72)

where r is the radius of the forming die.
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From the relationships SinZ28 + Cos2 8 = 1 and Cos 6 = Cot 8.
‘_

Sin 8
Cot@ = |
RO
The final tube radius a' is given as
A = Wy + O
oC — 2'“'(01‘*/@ Wwox

€= < 7o Gu

4IE

one finds from Eq. 7a

and the strain by

Letting K = r results in

) wMMce

B _FE (9a)

The final result is obtained by combining Eqs. 6a, 8a, and 9a

bwhenw=wmax o give E_(EY VZ
e I _ £ EK_—\—L)] (10a)
Lyd*Dra. K "‘%

First Analysis — Discussion

Equation 10a was solved for two 2024-T3 aluminum tube and die
geometries and compared with actual values given in reference 1.
The values for the mechanical properties were obtained from reference
3. On the basis of the comparison, it was determined that for the
two geometries studied, highly inaccurate answers resulted. It was
assumed that the simplified assumptions made in the analysis were in
error. Therefore, a second approach to the problem was attempted
using fewer simplifying assumptions.

Second Analysis =~ Derivation

The second analysis was developed to include the effect of

friction. Fragmentation was assumed to be initiated as the bottom
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fibers of the tube were stressed to their ultimate value in the
tangential direction.

Consider the sketch shown in Fig. 6. Examining a strip of
tubing of unit depth it can be seen, by calculating resultant forces

in the horizontal and vertical directions, respectively, that

P=NSnO+TCesbB (1b)
Q= NCasB-TSnB® (20)

where N and T are the normal and frictional forces respectively.
From geometric considerations it can also be seen that
w=r{(1-Cos®) (3b)

Since T = fN, equations 1b and 2b can be rewritten

P= N(S® +£Cos B) )
Q=N (QOSG-‘P Sin 63 (5b)
where f denotes the coefficient of friction.

Examining a free body of the tube at rupture as shown in Fig. 7;
summing forces horizontally; and assuming €>>&\'Y; one finds the
relationship of the radial force Q to the mechanical properties Fry
and Fyy to be _ FT *szk
ZQ\(U'* W) - 2 X (6b)
or _ fgnlﬁ'F%my VN)<' S

Q = 2lprw) (7)
Summing forces vertically yields

F= 2u(o+ u\b P )

Combining 4b, 6b, 7b, and 8b produces

™ {Co< B
F= ’\\‘\r\x.(FTu“f FTY} Sg,v\%*.\cg?w@ (9b)
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From reference 2 (Eq. 478, p. 469) the deflection for a tube

subjected to a radial force, Q, is

W= ‘g—_—i- [Q Cos Bx]
B‘# 3(1-v°) t>

S

Since w = 0 at x = xj,

COSBX‘ =0

Bx, =
and - ’T/ZB (10b)

From Eq. 3b, one finds

C()g%= | - U\)/r\ (11b)

where

Then

and from the relationship Sin2 8 + Cos?2 8 = 1, one finds from Eq.
11b S. 6 ZQ _ mz }/Z
n\J = ct \r
(12b)
Now a' = wpax + a
i c= 80 & Wwax
C O
Letting k = r results in
a
wVVO/X - _e_.
r K (13b)

The final result is obtained by combining Eqs. 9b, 10b, 11b,

12b, and 13b when w = Wrax to give

F = T‘V\ _\[feg- eV (EV + £(1-§) (14b)
( “'D'\) _E>_‘(\J2%_<K)’zl

The numerical solution to the expression derived in the previous

Second Apalysis - DISCUSSIOh

section for the theoretical peak fragmentation force was solved by
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digital computation at the Data Processing Center at Texas AEM University.

The results for eleven 2024-T3 aluminum tube and die geometries were
compared with actual values obtained from the NASA Langley Research
Centerlt,

The value of f was initially determined by a trial-and-error
solution. Three values of f (f = 0.20, 0.15, and 0.10) were used
for each geometry combination and results compared with the actual
values. In this manner f = 0.15 was chosen as it gave the best
results. The value chosen was.then verified by experimentél methods.

An experimental method of determining the coefficient of friction
was developed (see Fig. 8). An initially curved bar of 2024-T3 alumj-
num stock was loaded vertically as pictured. One end of the bar was
clamped in an Olsen static testing machine while the other end was
placed in contact with a machined and polished cold rolled steel
plate. The steel plate rested on a roller bearing carriage which was
prevented from translating by a strain-gaged thin aluminum sheet.
A lubricant similar to that used in the Langley tests was then applied
to the steel plate.

As the initially curved bar was loaded, a horizontal frictional
force was consequently transferred to the steel plate thus causing
the aluminum sheet to strain. By correlating the strain-gage readings
with a predetermined calibration curve and comparing the results
with the known applied normal force, the coefficient of friction
for an edge-loaded aluminum specimen in contact with a lubricated

steel plate was determined and found to be 0.149 (see Fig. 9).
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The value of € was determined by a "rule-of~-thumb' approxi-
mation. The values ranged from a maximum of 0.12 to a minimum of
0.10. The value of & used for each tube depended on the tube thickness,
such that the maximum value of € was used for the thjckest:tubec
and vice versa. For intermediate tube thicknesses, the value of
was adjusted proportionately. The '"rule-of-thumb' approximation
was to choose values of € consistent with values given for 2024-T3
sheet in reference 3.

Comparison of the theoretical and actual results showed an
error varying from +27.50% to -9.98%. The average percent error was
+10.50 percent* (see Table 1). It was considered at the time the
equation was developed that correlation would be impfoved when better
values of € were determined. Also there was some question as to the
validity of using mechanical properties of aluminum sheet to predict
the properties of extruded aluminum tubing. In order to satisfy the
above, a simple test was devised which would yield in addition to
values of € , the strength of aluminum tubing in the tangential
direction.

The test consisted of loading various tube geometries such that
they were pressed over the conical die shown in Fig. 10. The tubing
was loaded axially until failure occurred by a longitudinal splitting
of the tube. Recording the load at failure and obtaining pertinent
geometry changes yielded the desired results. The validity of the

test rested upon the assumption that the stress condition in a tube

*The percent error is given as +10.5% since the number was obtained
so as to represent the absolute magnitude of the errors,
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pressed over a forming die could be approximately reproduced by a
tube pressed over the conical die just described. A detajled explan-
ation of the test is contained below.

Consider the sketch of a tube pressed over a conical die shown
in Fig. 11. Summing forces vertically yields

F=2n0 (N SwB+TCos 6} (15b)

However,

T=4N
F= 2o N(SmB +f Cosp)

Assuming the maximum stress condition shown in Fig. 12 and summing

Thus

(16b)

forces vertically gives

2N<CO§Q - -QS{V\S)OVC= chlL Fm—zFIL (17b)

or B h£ Fm+F1y
N = 2o, Coa®-£Sinb (18b)

Combining Eqs. 15b and 18b yields the result

F e ahL(Furf) pebetlos o

For the die shown in Fig. 10 and lubricated with light oil it

is known that

5=15°
and -9 = ()l\t¥€5

Combined with the above, Eq. 19b results in the final form

F—W + Py = O 54%‘FL (20b)

Knowing the tube thickness h and measuring F and L experimentally

yields the desired mechanical properties. The investigation showed
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that the handbook value (Fry + Fry) = 113 ksi was valid for extruded
aluminum tubing.

The results of the peeviously described test indicated that
handbook strength predictions were sufficiently accurate; however,
the values given for percent elongation were found to vary greatly
from the experimentally determined values. The error was found to
be in the order of 100 percent and greater.

Solving Eq. 14b using the experimental mechanical properties
yielded highly unsatisfactory results. Percent errors of 400 percent
were not uncommon while for some geometries negative values were cal-
culated. Again it became immediately evident that either the simpli-
fying assumptions or the entire approach to the problem was erroneous.

Final Analysis - Derivation

The period of time spanning from the discovery of the limitations
of the second analysis and the derivatién of the final analysis was
typified in a large degree by attempts to alter Eq. l4b to yield
satisfactory results. Various loading conditions were attempted,
reference axes were shifted, and new parameters were introduced. The
attempts however, were largely unsuccessful. Also during this time
an experimental investigation was commenced.

By careful observation of the phenomenon occurring in the exper=
imental investigation it was ascertained that fragmentation was initi-
ated by one of two methods. One was the originally assumed tangential
failure of the tube while the other was a flexural failure about the
undeflected circumference of the tube (see Fig. 13).

The following analysis is based on the latter mode of fajlure.
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Calculation of Generalized Force F (‘ )

Consider the sketch shown in Fig. 14, Resolving normal and
tangential forces in the X & Y direction it can be seen that
Ny = NCosV )
NY= N S“V\\p @
TX - 'T S'V\\v (3)
Ty =T Cos¥ - “

-Assuming the coefficient of friction remains constant, it is

T=

From geometric considerations the relationship between\P

Y= ZP-1 (6)

Therefore, Eqs. 1-4 can be combined with Eqs. 5 and 6 to yield
Ny=NCos2¥ ™
Ny =N Sin2¥ ®

Tz INGnCY ©)
T\/: ‘(‘\NCOSZW (10)

Referring again to Fig. 14, it is seen that the normal and

known

(5)

and %D is given as

tangential forces causing the tube to deflect produce resisting
moments along the deflected portion of the tube. The moment is
assumed to be a maximum at rectanguiar coordinates {(h/2,0) neglecting

the effects of circumferential stresses. The moment M at (h/2,0)

M= (Ny"—ry )(X'-k\zj— <NX+TXB>1 (1)
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or combined with Eqs. 7-10

M= N[ Coxf (Siaf - Plos frh)- 210 | 0z
However, it must be noted that M and N are moment and force per
unit length, respectively. It can be seen that N acts along the
circumference given by 21Y(a+x) while M acts along the circumference
27t (a+h/2). Noting the above, Eq. 12 may be solved and the unknown

force N determined. N is given by \
ouk
N Lt X M Cos\O(Smﬂo PC(D&(QXEF-) (13)

Summing forces vertically, one finds

FP) = 2 (arx)(Ny - Ty) (i

Combining Eq. 4 with Eqs. 8 and 10 yields

F(P) = 4Nw (o x)| Cos? (Sin - fasp) +£] (1)

Equatlons 13 and 15 may be combjned to give

_S&L
l+ in (00N

or rearranged in final form _ 3lvxlp FCOS‘O
F(P) = 2aM [:L‘l (17)
where [If%?ﬁ —"}
Secl

= 50=TGs? °
and (5 - Z!:
| S

-

-
K=q

Examination of Eq. 17 reveals that the generalized force F((p)

is a function of the moment determined by the stress condition at

.coordinates (h/2,0) and the angular position of the end of the tube

in the forming die. Thus, one need know only the flexural stress
condition in the tube at chosen values of 99 to determine the applied
force. The preceeding approach will be used to determine values of

F3 and Fp, the maximum and minimum fragmentation forces, respectively.
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Calculation of the Average Fragmentation Force Fayg

It was observed that an initial fragmentation force was required
to cause a tube to achieve its initial mode of failure. After initial
failure, the fractured end contained numerous cracks and fissures.

It is assumed that initial fragmentation was caused by a simultaneous
flexural failure about the undeflected tube circumference.

fdeally, at the instant of fragmentation the franging tube will
be in an unstressed condition. However, because of the continuously
applied loading, the tube will immediately be forced into the die
causing the fractured end to split into numerous cantilevered segments.

It can be seen from Eq. 17, that as the tube end is pressed into

\pz=—‘z— Are Cob (‘ﬁ (18)

the die such that

the tube will offer the least resistance to the applied loading. There-
fore, if the stress condition is assumed to be that shown in Fig. 15,

the value of the minimum force F will be given by

= 2w Pyl [G 1) (19)

=
S

WZ: Slv\(pz - fCOS‘pz

and V%tis given by Eq. 18.

(20)

As the end of the tube continues past the point defined by V%_, the
ability of the tube to resist the applied loading increases. Thus,
as the end of the tube deflects to a point such that

0s=(0-1) (21)
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an infinite applied force is required to cause the tube to experience a
flexural failure about the undeflected circumference. Eq. 21 indicates
that the end of the tube is located such that the resultant of the
normal and frictional forces is acting along a line passing through
the point (E;O) the condition imposed by a zero moment at (E,O)
is that no rotation occur about the point. Therefore, the applied
force causes the entire deflected portion of the tube to press
vertically into the die. Observation of the fragmentation process
indicates that the loading on the deflected portion of the tube can
be replaced by a single resultant R, acting at a point such that R
has no horizontal component or the point defined by the angle ¢%:.
Consider the configuration shown in Fig. 16 summing forces
vertically it is seen
Fg': 21]’ (O/+ X)R (22)
It was observed that as a cantilevered segment failed, the
segment rotated about a plastic hinge formed at the outside edge of
the tube. The mement about the outside edge, or coordinate (h,0), is
related to the resultant R by
2R (4 x)x =) = 20 Mot h) (23)
combining Eq. 22 and Eq. 23 yields
Fy= 2aM %{-\% (24)

However, it was assumed that R acted at the point defined by V’ ,

x= CrCos'¥,

thus Eq. 24 can be written

therefore

(25)

_ G-+h
= oM erCosty- | 2]
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_ KL
'_3: ’“—M GC/OﬁZ\pl_l (27)

where G and R1 are defined as

2
G-
and R= Y

or in another form

From data obtained in the experimental investigation conducted in

conjunction with this report, the value of M was solved by trial and

error and found to be F \n\.l
M = ,J-__‘)\'_
TSB'E: (28)

thus in the final form, F3 is given as

F= YW LW R
3 33?. GCos®, - (29)

The average fragmentation force Fayq is defined as

F(Jw - Rt R

where
= tt/h
RL= DA,
k= %
» Sec.(P‘i
and W‘L: S.W\goz—'(\cospz

0, = L Aee Gt ()
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I11l, Experimental Procedures

The equations derived in the proceding section were solved and
compared with experimental values for seven tube and die geometries
(see Table 2). The tubing used in the experimental investigation was
2024-T3 aluminum. The dies were machined from cold-rolled steel
stock and lubricated with light lubricating oil in each test. The
static tests were performed on a Baldwin 60,000 pound capacity
hydraulic static testing machine,

Because of the rapidly fluctuating forces which were expected in
the testing, it was felt that a mechanical load-recording device
would be required. Also it was considered desirable to simultan-
eously record displacement readings. As the testing machine did
not have suitable instrumentation to allow mechanical recording,
it became necessary to design and construct a suitable system.

The instrumentation system used in the experimental investi-
gation is seen in Fig. 17. A Trans-Sonics type 1090 pressure
transducer is located at the top of the Baldwin machine and tapped
into a convenient orifice in the hydraulic system. Similarly, a
Bourns type 109-89-752 linear displacement transducer is affixed
between the stationary and movable heads of the testing machine
to simultaneously record displacement readings. The recorder used
in conjunction with the transducers was a twelve-channel Honey-
well Visicorder recording oscilograph employing Honeywell M-200-120
glavonometers with a flat frequency response of 200 cps.

In both cases the transducers were employed such that they would
be the variable resistance in a Wheatstone bridge circuit. The dis-
placement transducer nad a self-contained bridge and power supply
attached. The pressure transducer had an external power supply
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and bridge. The bridge for the pressure transducer was constructed
with three variable resistances so that the bridge could be applied to
any general instrumentation situation employing such a device. The
bridge can be seen located to the left of the Honeywell recorder in
Fig., 17.

The instrumentation was then calibrated and gave excellent
service throughout the period of the experimental investigation.

The frangible tube specimens were placed on the compression
side of the testing machine loading head and fragmented through
the dissipation stroke.

Tne tubing used in the investigation was the standard size and
quality. Prior to testing, all specimens were faced in a lathe and
polished to remove all surface imperfections. The geometry was then
determined and the tube fragmented in the static testing machine
(see Fig. 18).

IV. Experimental Verification and Disucssion

The experimental verification consisted of solving the equation
predicting the average fragmentation force and comparing the theoretical
with actual results. The equation was solved by digital computation
and the results presented in tabular formal for a wide range of
tube and die geometries. The solutions in a design table format
arc presented in Tebles 't tarcugh 50,

Cy initially solving tac equations for specific geometries and
three valves of the cocfficient of friction (f = 0.10,0.15 and 0.20),
it was found that a variation of { within the described range had
little effect on thne final result., Therefore, the tabular results

were all solved for f = 0.15.
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The exponents of the tube thickness in Ea. 30 (h]'2 and h2)
prevent tne solution from being presented in the form of dimensionless
ratios. However, to allow for variation of mechanical properties
of 2024-T3 aluminum, the solution is given in the form of Favg / Ftu'
In order to set the upper limit on the allowable h/r ratios, the
computer solution was programed such that if the average stress in
the tube exceeded yield, tne value of Favg / Fty would be output as
0.0.

Note that in each design table, D/h is held constant while tne
parameters h/r and h vary. The parameter n/r is defined as R2 and
appears down the left hand side of the table. For each value of T
the corresponding row yields values of Fuyg / Fy, for standard
aluminum tube wall thicknesses (h = .022,.028,.035,.049,.058,.065,
.083 and .095). Separate tables appear for each value of D/h, from
O/h = 3.75 to D/h = 60.0 at intervals of D/h = 1.25. The range
of h/r is from h/r = .20 to h/r = .80 at intervals of. n/r = ,125,

Although an upper limit is given for h/r, note that no such lower
limit exists. As a rule, values of h/r less than 0.30 generally
produce a rolling type failure rather than the more desirable
fragmentation failure.

The resulting design tables were used to calculate the theoretical
average fragmentation force for the seven tube and die geometries
described in the experimental portion of this investigation. Linear
interpolation was used to obtain the solutions. The results are
presented in Table 2 of the Appendix. In addition, 25 tube and die
geometries investigated in Ref. 4 were solved for the specific

geometries involved correlated and appear in Table 3 of the Appendix.
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In order to determine the ultimate strength of the seven tube
geometries investigated experimentally, static tensile tests were
performed. The tests yielded the value Fyy = 73 kg). The experimentally
determined value is considered quite high compared to values given in
Ref. 3. Therefore, the handbook value Fry = 65ks| was used in the
solution of the 25 geometries in Table 3.

Note in Table 2 that two of the seven geometries investigated
were not considered, It was found by examination of the two dies that
the forming die cross sections were not circular but elliptic or
parabolic in shape. The unacceptable geometries were assumed to be
the result of machining errors. The two geometries do however,
indicate the great influence of machining errors on resulting forces.
Thus, considerable care must be exercised in the fabrication of dies
used in the frangible tube system.

Examination of Tables 2 and 3 theorizes that a 66% confidence
level exists for predicting the average fragmentation force within
iZO% accuracy. The correlation between theoretical and actual results
is considered to be acceptable for preliminary engineering purposes.

V. Conclusions and Recommendations

A series of expressions has been developed in an attempt to
analytically explain the phenomenon occurring in the frangible
tube energy absorption process. The expressions provide not only
a quantitative knowledge of the problem, but in addition a simplified
explanation of the complicated mechanism which occurs during the
fragmentation stroke.

The inability of the early analyses to accurately predict the
actual behavior of the frangible tube system indicates the assumecd.
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circumfrential tensile failure to be in error. lIhe assumed mouc of
plastic flexural failure of the cantjlevered end segments is substantialed
by correlation with experimental data.

Comparison of the theoretically predicted and the actual average
fragmentation force for seven tube and die geometries investigated in
conjunction with this report yielded correlation well within the
limits of engineering accuracy.

Correlation with twenty five geometries investigated in Ref. 1|
is considered quite good. It is felt that accuracy could be improved
by a knowledge of the specific mechanical properties of the tubing
tested and a detailed study of the experimental methods employed.
However, operating under the above handicap still indicates the
theoretical values respond quite accurately to changes in geometric
parameters.

The theoretically predicted upper limits on h/r ratios agree
well with actual values. However, additional research is needed to
develop a similar set of lower limits.

Since the theoretical equations are only valid for static
applications and substantiated for only one material, additional
research is required before the analytical approach contained in

this report can be considered anything more than promising.
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Figure 1.

Sequence Of High Speed Photographs Showing A Typical Dynamic
Fragmentation Process.




%

a) b)
Cross Section of Tube and Pictorial Sketch of
Die Prior to Loading Fragmentation Process

Fig 2



PARTS A SSEMBLY

Figure 3.

Photograph of Typical Frangible Tube System
Wi th Breakdown Into Component Parts.
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Cross-Sectional View of
Tube and Die Prior to F=F|
(First Analysis) '
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Cross-Sectional View of
Tube and Die Prior to F=F)
(Second Analysis)



Pictorial Cross Section of
Tube at F=F, Showing
Circumfrential Stresses
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Schematic of Apparatus
Used to Determine
Coefficient of Friction
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Conical Die Used to Determine
Mechanical Properties
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Fig. 12

Pictorial Cross-Section of
Tube on Conical Die at
Rupture Showing Assumed
Circumfrential Stresses

Fragmentation Initlated
Due to Flexural Fallure
Along Undeflected Clr-
cumference
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Fig. 13

Observed Mode of
Initial Fallure



Fig. 14
Cross-Sectional View of Tube and Dle Prior to F=F]
(Final Analysis)
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F

Fig. 15

Assumed Maximum Stress
Conditlion at F-F]
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Fig. 16

Cross Sectional View of Tube and Die at F = F3

Fig. 17

Static Test of Frangible Tube Showing Load and
Displacement Instrumentation




Figure 18.

Static Test of Frangible Tube System.
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TABLE 3

Values of Average Fragmentation
Force for 25 Tube and Die Geometries (Ref. 1)

f = 0.150 F = 65KS|
tu

h/D h/r h Favgt Favg %Error
.030 476 .020 129L: 1416~ - 8.6
.088 .55 .022 696 550 +26.5
. 088 A7 .022 L35 443 + 9.7
. 038 468 .022 L78 426 +12,2
.056 45 .028 9564 950 + 1.5
. 058 <372 .029 692 733 - 5.5
.058 .558 029 1588 1276 +24, 4
.048 . 300 .033 718 1080 -33.5
.079 . 280 035 433 620 =30.1
.062 Lob 044 1330 1750 -24.0
. 104 430 047 962 1012 - 4.9
.070 .h68 .051 a3 2516 ~42.6
12 2k .053 1030 783 +31.5
126 420 .063 11438 1053 + 9.0
. 065 .Loo . 065 2189 2100 + 4.2
. 065 .500 .065 3328 336¢ - 1.1
. 065 .600 .065 5208 7100 -~26.6
. 065 .670 . 065 7907 Buckled

.130 .520 . 065 1775 1500 +18.3
.130 430 .065 1213 985 +23.1
.130 .504 . 065 1657 1366 +21.3
.130 .335 . 065 804 950 ~15.3
. 087 430 . 065 1840 1750 + 5.1
.086 .600 . 065 3915 4800 ~18.4
.033 430 . 065 Lohs L4866 + 1.6

. 065 430 . 065 2482 2300 + 7.9
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SOLUTIONS OF ELASTICITY PROBLEMS USING BOUNDARY CONDITIONS

OBTAINED EXPERIMENTALLY

Principal Investigators

Dr. J. George H, Thompson, Professor of Mechanical Engineering
Mr, Bobby P, Long, Graduate Assistant

I. Introduction

The purpose of“;he research ie to develop rapid methods of
calculating stresseéuin irregularly shaped bodies. Space age
developments demand that methods suit the need and cannot permit
the design to be limited by existing methods of computation. This
nraiect therafare <eeke to make simnler. more rapid. and far more
flexible forms of well established ways of figuring stresses. The
principles employed are basic and very well established. But the
object is to use these basic principles in such new ways as will
permit the fullest utilization of modern aids such as the digital
computer. Furthermore, the object is to use quick, though admittedly
approximate, experimental methods rather than the more precise analy-
tical methods wherever the loss in accuracy will not be serious and
the gain in time required will be substantial,

II. Present Status of the Research

A computer program has been developed and is in the process of
being further refined.
Much progress has been made in the last three months in the use

of the lateral extensometer as a device for determining boundary
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conditions. This technique has been applied successfully to a more
complicated problem than had been attempted before and detail com-
parisons of extensometer results with values determined by other
means have verified the reliability of the method. Mr. Long has
cleverly developed a new way to use the extensometer so as to
greatly aid the computer work and to lead towards the solution of
multiple connected shapes.

The conductive sheet technique has further been extended in the
past three months. Mr. Long has developed ways of experimentally
reducing fields involving certain kinds of singular points to
equivalent fields not containing singular points. He has not only
extended the field of application of the conductive sheet technique
but has also compared the results of this technique with those pro-
duced by other methods,

The work has not yet gone to the point of developing novel and
clearly superior ways in which conductive sheets are more attractive
than existing methods. The research is moving in that direction,
however, and now has progressed to the point where it is known, by
actual demonstration, that the conductive sheet procedures are
reliable.

Work is still continuing to the end of extending this activity
further into the areas of multiple connected bodies and, later, into
the field of three dimensional bodies.

A technical paper is now being written by Dr. Thompson (Ninth

Mid-Western Mechanics Conference) based on the work of this project.
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Figure 9-1

Mr. Bobby P. Long inspects test loading device and positioning of
lateral extensometer.
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A Master of Science Thesis has been completed as a result of the
work of this project, This is titled "A Critical Comparison and
Appraisal of Several Methods of Experimental Stress Analysis.” It
has been written by Mr. Bobby Paul Long., This is included as an
appendix to the report on Project No. 9.

III. Procedure

Since the details of the descriptions of the several techniques
and the theory behind them have repeatedly been discussed in previous
reports, only general remarks will be entered into the record at this
time,

The lateral extensometer measures the sum of the principal stress
es at any desired point in a two dimensional stress problem. One
could measure this value by applying the extensometer to each of the
several thousand points involved in a given problem but this would
take too long. Instead, the extensometer is used to find values at
as many points as are desired on the periphery of a given domain.
Then the computer is employed to quickly calculate all of the values
at internal points within the field. It is possible to do this
speedily since the sum of the principal stresses satisfies Laplace's
equation over the field and common relaxation calculations may
therefore be employed,

The preceding computations automatically satisfy the compati-
bility requirements of the theory of elasticity for the problens now

being handled. Next, the computer employs approximate methods to
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converge upon a solution of the equilibrium equations at each point
of the field. Having done these things, the computer can now print
out full stress information for all specified points in the field.
The conductive sheet procedure is being utilized as an alternate
method and at this time it is impossible to say which procedure will
more attractively lend itself to the desired end. A network of stres:
trajectories in a two-dimensional elastic field can often be con-
structed experimentally by tracing the equipotentials in the analogouc
uniform electric field. One of the two sets of orthogonal curves
produced by the conductive sheet procedure measures the electric
potential of the field, For many problems the lines of equal
potential represent a family of stress trajectories. The orthogonal
set of lines represents electrically, the intensity of the current in
the electric field divided by the conductivity of the medium, and
this set of curves, at all points orthogonal to the first set of
curves, represents the second set of stress trajectories. It is
anticipated that more complicated problems, for which the foregoing
explanation may not be exactly true, will yield to future treatment.
IV, Conclusion
This research involves the novel feature of determining stress

values at thousands of points in a field rather quickly rather than
slowly computing stress intensities at only one point at a time, as
is the usual procedure. The research seeks to develop flexible

methods that will lend themselves to the treatment of irregular

Page 9~4



3
shapes., This is in contrast to many existing methods of calculation
in which the shape of the body itself is often introduced as a
mathematical part of the solution,

This research seeks to employ the tremendous speed of the large
digital computer. Though the creation and development of the compute:
program will be slow and will involve an intimate understanding of
advanced theory, the practical use of the program will be fast and
will not require highly trained personnel.

Emphasis is also being placed on the development of experimental
methods for supplying information required by the digital computer.
Here, as in the case of the computer program itself, much time and
greatly detailed theoretical considerations enter into the effort,
but the use of the perfected procedures will be relatively quick and

will not require the use of highly trained personnel,
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APPENDIX 9-1

Abstract

Three experimental stress analysis techniques are compared.
Photoelastic precedure, lateral extensometer coupled with digital
computer, and conductive sheet electric procedures are found to be
in agreement., Each is found to have a place but the standard
photoelastic procedure is the most universally applicable method,
The lateral extensometer and the conductive sheet are each shown to
be reliable but best employed as auxiliary procedures.

This thesis is based upon a photelastic study1 of a simpli-
fication of a Ph.D. dissertation’ and, in this thesis, lateral
extensometer readings and conductive sheet results are found to be
reasonably consistent with each other and with the photoelastic

results,

Certain selected sheets of the thesis follow. These briefly
reveal the nature of the work, Figure 7 shows the cantilever beam

under study and indicates regions A & B which are scrutinized in

1 Schroeter, D. R., A Photoelastic Investigation of the Effects of

Rectangular Openings at the Neutral Axis of Beams Subject to Both

Bending and Shear, M. S. Thesis, Texas A& University, August, 1964

2 Seyner, E. P., Jr., An Investigation of the Requirements for

Reinforcement Around Rectangular Openings in the Webs of Wide-

Flange Beams Subject to Bending Moment and Shear, Ph.D, Dissertatio

Agricultural and Mechanical College of Texas, August, 1962, p. 6.
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detail to compare results of photoelastic and conductive techniques.
Figures 16, 17, 18 and 19 indicate, in essence, the extent of agree-
ment found between photoelasticity and conductive sheet procedures.
Figure 13 compares the three methods and Figure 10 defines certain
parameters, Finally, Table 1 summarizes principal stress values,

in psi, obtained by each of the three methods.
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Figure 13. Comparison Chart of the Three Methods

METHOD I. (Photoelasticity)

A. Based upon isochromatic and isoclinic values developed

experimentally.

B. This method involved isoclinic data.

C. Values calculated for only a few points,

D. Methods II and III agreed closely with each other but
were grossly different from the results of this method.

METHOD II. (Lateral Extensometer and Digital Computer)

A. Based on photoelastically produced isochromatic values
for many points in the field and on extensometer readings
over the periphery of the designated field and computer
manipulation to produce desired information at every
indicated point within the field and on the periphery
of the field.

B. This method did not involve isoclinic data.

C. Values calculated for hundreds of points.

D. Method III gave results very close to this method.

METHOD III.

A.

(Electrical Analogy)

Based on a few photoelastically produced stress
trajectories, on photoelastically produced isochromatic
values, and computational treatment involving the Lame-
Maxwell equations along stress trajectories.

This method involved isoclinic data but was influenced
less by isoclinic errors than was Method I.

Values calculated for only a few points.

Method II gave results very close to those of this
method.
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THE RELATIONSHIP BEIWEEN VISCOSITY AND CIRCULAR PIPE EXPERIMENTAL

DATA FOR NON-NEWTONIAN FLOW

Project Investigators

Dr. P. T. Eubank, Department of Chemical Engineering

Mr. B. F, Fort, Graduate Assistant

Mr. T. T. McConnell, Undergraduate Assistant

During the past six months considerable progress has been made
on this project in both the experimental and theoretical phases.

I. Experimental

Data has been obtained from CMC solutions and also polyvinyl
alcohol solutions (PVA) of various concentrations in water., Rota-
tional viscometer data 1is represented by shear stress versus shear
rate; pipe or capillary tube data appears as pressure drop versus
volumetric flow rate, As discussed in previous reports, it is
possible to convert rotational to pipe data by means of the
Rabinowitsch Equation and numerical integration techniques. By
taking both experimental rotational and pipe data, we may test the
accuracy of such conversions,

A digital computer program has been written recently to reduce
both rotational and pipe data to the desired form cited above.
Several programs, which involve different numerical methods, have
also been completed for rotational data conversion to pipe results.

All data has been taken for CMC and PVA solutions However, at

this time, only the CMC data has been completely reduced and

Page 10-1



conversion from rotational to pipe data calculated. The results
from the latter are encouraging. Calculated and experimental pipe
results agree to 3 - 47 for CMC solutions indicating that the
numerical conversion techniques are sound but, no doubt, can be
improved.

Sufficient experiment work has been completed for the Master
of Science degree of Mr. Fort, As data on other solutions will be
necessary for the Ph.D, work of Mr, Fort, some equipment revision
is now planned, Both the rotational and pipe apparatus performed
well during the current investigation, However, it was necessary to
operate the pipe apparatus in a shear stress range above that
anticipated. Enough overlap of the range of rotational and pipe
data occured to allow comparison via the rotational data conversion
technique, However, the two shear stress ranges should coincide
for optimum use of data towards the goals of this project, Since
the range of the pipe data cannot be lowered without greatly
decreasing accuracy, an attempt to increase the range and flexi-
bility of the rotational apparatus is planned.
1I. Theoretical

Several numerical integration techniques have been studied for
their usefulness in conversion of rotational to pipe flow results
for non-Newtonian liquids. While it is best to check these numerical
techniques with experimental data, it is interesting to assume that
the liquid obeys a given model from which all results may be calcu-

lated,
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Assuming such model liquids, the Newton-Coates numerical
integration formulas were used., Results indicate that poly-
nominals of degree from four to six can be used to fit most
models to better than 0,57%. Models used were the power-law,
Ellis, Reiner~Phillippoff, Eyring, and a power-law model with

variable coefficients,
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MAGNETIC PROPERTIES OF SOLIDS

Project Investigators

Dr. Charles F. Squire, Associate Dean for Science, Principal
Investigator

Mr. Tom W. Adair, III, NASA Graduate Fellow

Mr, E. Sharp, Graduate Fellow

Dr. J. L. Gammel, Professor, Department of Physics

A significant scientific contribution has resulted from the NASA
supported studies described in the following paragraphs. The new
experimental observation in our laboratory concerning the magnetic
properties of defects in pure, single crystals of alkali halides has
received the unbiased, critical scrutiny of the editors of The
Physical Review and two papers accepted for publication in the January
18, 1965 issue. The following are the titles and abstracts of this
work:

1. Magnetic Properties of Radiation-Damaged LiF
T. W, Adair,III and C. F., Squire

A right circular cylinder of a large single crystal of LiF
was hung along its axis of symmetry to form a sensitive torsion
pendulum. In a uniform magnetic field a torque was observed to
act on the pendulum, which has been interpreted as arising from
lattice defects caused by soft x radiation. Quantitative studies
on the frequency of oscillation as a function of magnetic field
orientation to the LiF crystal are reported.

2, Phenomenological Interpretation of Experiments on the Magnetic
Properties of Radiation-Damaged LiF
J. L. Gammel

The experimental observations in the preceding paper by Adair

and Squire have a reasonable phenomenological interpretation.
There is a quantitative agreement between theory and experiment.
!
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The magnetization due to radiation damage exhibits a residual
value in zero external field and is described by a susceptibility
tensor with off-diagonal terms in the presence of a magnetic field
The progress during the past several months has emphasized that
our group has indeed discovered an interesting phenomenon. The
following abstract for a scientific paper to be presented before
The American Physical Society at Norman, Oklahoma on February 25-27,

1965 has been accepted:

Magnetic Properties of Lattice Defects in Alkali Halides*
T, W. Adair, III, E. J. Sharp, and C. F, Squire

Our Newly discovered evidencel for a magnetization in
single crystals of LiF arising from lattice defects has been
extended to single crystals of KCl and NaCl. The phenomeno-
logical interpretation by Professor Gammel given in a compan-
ion paper to reference 1 has been the basis of some quantita-

tive experiments on the torque which acts on the torsion
pendulum in a magnetic field,

lp. W. Adair, III and C. F. Squire, Physical Review,

January 18, 1965 and companion paper by J. L. Gammel,

*Supported by NASA Institutional Grant

The central scientific problem before us is to prove what is
the source of magnetization, If it be defects, does this mean
electrons trapped at vacancy sights; does is mean F2 ion formed
with preferential orientation, or some other mechanism? Obviously
we must investigate.

A request for a grant of $33,202 for one year to pursue this
scientific effort with vigor has been submitted to NASA, At this

writing, no decision has been taken by NASA on this request for

support and the proposal has not been submitted to any other
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Federal Agency or private research foundation. The cost of equip-
ment and expendable items on the start up of this program were
supplied by Texas A&M University and by The Robert A, Welch

Foundation, Houston,
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EFFECTS OF EXTERNAL IRRADIATION OF THE HEART ON CARDIAC OUTPUT

VENOUS PRESSURE AND ARTERIAL PRESSURE

Project Investigator

Dr, V. S. Bishop, Department of Nuclear Engineering

I. Introduction

During the past several years we have produced chronic heart
failure by exposing either the right or left ventricle to approxi-
mately 20,000r of co®0 gamma irradiation, Stone, Bishop and Guyton (8).
In characterizing this type of heart failure, we have been interested
both in the changes of the pumpih; ability of the heart and in the
direct effects of ionizing radiatipn on the heart. In these studies
we have evaluated the pressure changes which occur in the venous and
arterial pressure systems following unilaterial exposure to 20,000r
of Co60. The venous preééurés were found to begin to rise about 6
days post-irradiation and continue to increase until death. The
arterial pressure was found to remain constant until just prior to
death. Using these parameters in conjunction with microscopic exami-
nations, we were able to obtain qualitative answers as to the degree
of right or left heart failure.

In the present study we evaluated the resting cardiac output
venous pressures, (both right and left atrial pressures) and arterial
pressure changes following exposure of the right chest wall to 20,000r
of CoGO. Since the effects of the exposure must be related to the

actual dose, dosimetry measurements were made on the ventricles of the

heart and throughout the thoracic cavity.
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The results thus found indicate that resting cardiac output is
maintained until just prior to death following exposure to 20,000r of
co%0, The dosimetry measurements indicate that with exposure doses

of 20,000r only about 10,000r reaches the exposed ventricle,

II. Methods and Materials

a, Irradiation Technique

The technique used to irradiate the right ventricle has been
previously described, Stone, Bishop and Guyton (8). Briefly, the
animals were placed beneath a fluoroscope and the right heart (ventri-
cle) shadow outlined on the lateral chest-wall, Then the animals were

60 therapy unit and the 4 x 4 cm co%0 beam was

placed beneath a Co
centered directly over the shadow.

b. Instrumentation of the Dogs

Seven mongrel dogs were used in this portion of the study. In
order to measure cardiac output, arterial pressure, right and left
atrial pressure, the following technique was used in instrumenting the
animals, This technique has also been described in previous publica-
tions, Bishop, Stone and Guyton (1). The general technique involves
the implantation of an electromagnetic flow probe around the root of
the aorta proximal to the brachiocephalic artery. During this same
surgery, a polyvinyl catheter was inserted into the left atrium through
the left atrial appendage. Another polyvinyl catheter was placed in
the right atrium through the right jugular vein. The leads from the
flow meter and the catheters were run under the skin and exteriorized

from the back of the neck. The catheters were filled with heparin
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solution and closed.

Control measurements consisting of right atrial pressure, left
atrial pressure, femoral arterial pressure, body weight, pulse rate
and cardiac output were made in all dogs during the two week recovery,
All pressure measurements were recorded on a Grass polygraph using
Statham pressure transducers, Measurements of cardiac output made
by using a Medicon electromagnetic flow meter (Model K-2000, 400 CPS)
and heart rates were recorded on the Grass polygraph along with the
pressure measurements.,

About 2-3 weeks following surgery the animals were irradiated
using the above procedure., Mean right and left atrial pressure,
arterial pressure, heart rate and ventricular output were followed
periodically until death.

c. Dosimetry

Preliminary dosimetry measurements were made by using silver

activated phosphate glass (7). A calibration curve was determined

from 0060

irradiated glass needles. Victoreen ionization chambers
which had been previously calibrated at the National Bureau of
Standards were used to check the calibration curve. Both the
calibrated needles and the needles used to measure the dose at
various locations in the thoracic cavity were individually soaked

and washed in reagent grade ethanol and acetone, After allowing them
to air dry they were inspected for flaws. Prior to radiation

exposures zero readings were established on each needle utilizing

a G.K. Turner Model 11 Fluorometer, Four days post-irradiation the
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needles were again carried through the cleaning procedure and the
fluorescence of the needles recorded.

Each needle prior to implantation was sealed in small lengths
of polyvinyl tubing. These needles were then placed in the follow-
ing positions in a dog which had been sacrificed.

1) 1In the exposure beam at 35 c¢cm (2 dosimeters)

2) Directly beneath the external chest in the center of

the beam (1 dosimeter)

3) Directly upon the exposed ventricle (5 dosimeters)

4) Directly upon the Septum (2 dosimeters)

5) Directly upon the opposite ventricle (unexposed) (5

dosimeters)

6) Directly upon the diaphragm (1 dosimeter)

7) Directly upon the spine (1 dosimeter)

The needles were exposed at these positions when the extrapo-

60 therapy unit was set at 5,000r to

lated exposure dose of the Co
right lateral chest wall, 1,000r to the right lateral chest wall,
5,000r to the left lateral chest wall and 1,000r to the left lateral
chest wall,

III. Results

a. Changes in Ventricular Output, Stroke Volume and Arterial
Pressures

Figure 1 shows the resting values of ventricular output, stroke
volume, and arterial pressure plotted against the time prior to and

following irradiation of the right ventricle with 20,000r Co60.
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Heart rate, right and left atrial pressures were also measured, but
they were found to be consistent with changes previously described
by Stone, Bishop and Guyton (8).

The animals used in this study reclined quietly unrestrained
during the measurement of ventricular output. However, it should
be noticed in Figure 1 that there was a variation in resting
ventricular output prior to irradiation. This variation continues
following irradiation. Generally, the resting ventricular output
remained within the normal range until 4-6 days prior to death. The
animal represented by the triangles in Figure 1 had a reduction in
resting ventricular output approximately 10 days prior to death., Most
of the animals used in this study displayed a reduction in resting
ventricular output 4-6 days prior to death and the variation in time
could usually be related to the amount of muscle damage determined
at autopsy.

The changes in resting stroke volume followed very closely the
changes in resting ventricular output., This point can be seen by
comparing the points of Figure 1.

The arterial pressure was maintained essentially constant by
all animals in this study as illustrated in the upper portion of
Figure 1, In a few cases a slight decline could be noted 2 or 3
days prior to death. However, it is usually well regulated,

b. Dosimetry
The doses measured by the silver activated glass phosphate

dosimetry as related to the extrapolated exposure dose (EED), i.e.,
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previous calibrated dose corrected for decay, are shown in Table I.

The column labeled MED relates to the total measured exposure
dose and MDH is the actual dose measured on the ventricles of the
heart. The measured exposure dose was found to be 197 less than the
routinely used extrapolated exposure dose. The maximum dose received
by the right ventricle when the right lateral chest wall was exposed
was 59.5% of the measured exposure dose (MED), Only 48% of the
extrapolated exposure dose (EED) was measured on the right ventricle.
The maximum dose received by the left ventricle using the same port
of entry was 50.7% of the measured exposure dose (MED) and 41% of the
extrapolated exposure dose. Note there is very little difference
between the doses received by the right and left ventricles.

When the port of entry was the left lateral chest wall, the
left ventricle received a maximum dose of 54.57 of the measured
exposure dose (MED) and 44.5% of the extrapolated exposure dose (EED).
The opposite ventricle received 44.57% of the measured exposure dose
(MED) and 36% of the extrapolated exposure dose (EED).

In producing chronic congestive heart failure we have used an
extrapolated exposure dose of 20,000r of Co60 to either the right or
left laterally chest wall. According to the dosimetry measurements
shown in Table I, the actual dose received by the right and left
ventricle when the port of entry was via the right lateral chest
wall is 9,600r and 8,200r respectively. When the port of entry is
via the left lateral chest wall, the dose is 7,200r and 8,400r

respectively to the right and left ventricle.

Page 12-6



The silver activated glass phosphate dosimeters which were
placed on other organs in the thoracic cavity received amounts of
radiation too small to measure.

c. Gross pathological findings at autopsy

The same general pathological conditions were found at autopsy
in these animals as previously reported by Stone, Bishop, Guyton (8)
and others. The mass of tissue damaged in the right ventricle ranged
from 70 - 907 of wet weight of the ventricle. The left ventricle
appeared normal both from visual and microscopic observations. Free
fluid was found in the thoracic and abdomen of these animals. Liver
congestion was visibly present and pitting edema was observed.
d. Discussion

In previous studies we have observed massive hemorrhagic infil-
tration of the right ventricle by the 1l4th day following irradiation.
Coupled with these pathological observations, the atrial pressures
begin to rise about 6 days post-irradiation which indicates quali-
tatively that the heart is failing (8). However, the animals in
this study are able to maintain a normal resting ventricular output
until 4-6 days prior to death. This emphasizes the ability of the
heart to compensate for a decrease in functional cardiac mass. This
ability to compensate was measured during resting conditions and
would probably not be sufficient to maintain a normal circulatory
function during severe work stresses. Since it is obvious that
these animals are in heart failure many days prior to death, the

measurement of resting ventricular output does not quantitate any
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reduction in functional cardiac muscle,
Although the dosimetry studies were preliminary, the doses
obtained are extremely wvaluable. In all of our work thus far we

have used the same Co60

therapy unit, and an extrapolated exposure
dose of 20,000r. The measured exposure dose in this study was 197%
of this extrapolated exposure dose, which is used routinely in the
therapy center, Thus, in all of our work the actual exposure dose
has been 16,200r., Using this exposure dose, the maximum dose to the
right and left ventricle when the port of entry is the right lateral
chest wall, is 9,600r and 8,200r respectively. When using a left
lateral port of entry, the dose is 8,400r and 7m200r respectively
to the left and right lateral ventricle. Note with only a small
difference in dose the latent period for microscopic damage for the
exposed and unexposed ventricle is quite different. In fact, the
latent period for the unexposed ventricle exceed the life of the
animal in this preparation., However, we have exposed the right and
left ventricle to extrapolated exposure doses somewhat less than
20,000r and have seen microscopic damage. Of course the survival
time of these animals was increased. The results at these exposure
doses agree with those reported by Phillips (6) and Michaelson(4).

Using an extrapolated dose of 10,000r or an actual dose to the
exposed ventricle of 4,800r (using the data in the table), we have
seen limited myocardium fibrosis and complete atrial fibrosis.

IV. Summary

In summary, we would like to emphasize that doses of ionizing
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radiation in the therapeutic range may produce damage to the
myocardium, The effect is probably an indirect effect resulting
from increased permeability and fragility of the capillaries (9, 3,
2). The injury to the myocardium resulting from therapeutic doses
may not be detected under normal resting conditions. Secondly, the
latent period, time from exposure to microscopic changes in the

cardiac muscle, is sensitive to small changes in dose.
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LEGEND

FIGURE (1) - Ventricular output, stroke volume and
arterial pressure plotted against days
before and after irradiation. The ani-

mals were irradiated on zero day.
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A STUDY OF CADMIUM ABSORPTION OF RESONANCE NEUTRONS IN

VARIOUS FOIL MATERIALS

Principal Investigators

pr. R. G. Cochran, Professor and Head, Nuclear Engineering
Department

Mr. J. E. Powell, Graduate Assistant

Mr. Robert T. Perry, Graduate Assistant
I. Status

The object of this research was to determine how the fraction
of the epithermal neutrons absorbed by the cadmium covers of various
resonance detectors varied with angular distribution of incident
neutrons and the thickness of the detecting foil. It has been known
for some time that when a metallic foil is used to detect resonance
neutrons it must be covered with cadmium to eliminate the thermal
neutron activation. This cadmium filter also absorbs some of the
resonance neutrons and to correct for this effect a factor usually
denoted as F.q has been determined by a number of investigators.
Each of these investigators determined F g in the isotropic neutron
flux case by plotting the logarithm of the resonance activity as a
function of the cadmium cover thickness and by extrapolating the
resulting curve to zero cover thickness. A ratio is then taken of
the activity at zero cover thickness to obtain the ch.

In a recently published paper, Powell and Walker(l) have
shown that F.4q in the case of an isotropic flux is not a logarith-
mic function but instead is a third order exponential integral

function.
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In light of this research, a number of months has been spent
carrying out preliminary theoretical calculations in order to predict
the actual behavior to be expected of F_4 in an anisotropic neutron
flux, This theoretical work has now progressed to the point where
preliminary results are being obtained which are being used to
compare with the experimental portion of the program. The experi~
mental data is being obtained by activating cadmium covered 2 cm.
diameter indium foils with thicknesses varying from 2 to 8 mils at
eight different positions out from a plane source of fast neutrons.
One inch diameter covers have been constructed for use for various
thicknesses of cadmium varying frow 30 to 60 mils. The source used
in these experiments consists of three 2 curie plutonium beryllium
neutron sources which are placed in a 60 gallon tank containing
distilled water. The water is constantly recirculated through a
demineralizer to maintain high purity whilé the water temperature
is maintained to within + 2°F, After each foil is activated, the
activity is ascertained by use of the gamma ray scintillation
spectrometer. Each foil is placed in a well-type sodium iodide
crystal and a sufficient number of counts are recorded so that the
statistical variation is within + 1/3 of a percent. In additionm,
the electronie apparatus is standardized before and after each foil
is counted, Statistical errors are minimized by obtaining suffi-
cient individual activations so that the radiocactivity of each foil
for each cadmium covered thickness is known to within 1/2 of a per=-

cent. The experimental data is now being used in conjunction with
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the preliminary theoretical calculations to evaluate these results,

In summary, due to the funds provided by this research grant,
the following papers have becn completed or are near completion,
and will be submitted for publication to Nuclear Science and
fngineering in the immediate future:

1. "Cadmium Correction Factors for Iodine, Indium, and Gold
Foils," J. E. Powell and C, L. Beck,

2, "The Effects of Epithermal Neutron Flux Anisotropy on
Cadmium Correction Factors for Indium Foils in Water,"
J. E. Powell, (Disseration now in progress). Provided
as Appendix 1 to this report on Space Technology Project
No. 13.

Page 13-3



BIBLIOGRAPHY

1. Powell, J. E. and J. V. Walker, "A Determination of the
Cadmium Absorption of Resonance Neutrons in Cadmium Covered

Indium Foils," Nucl. Sci, Engr. 20, 476 (1964).

2. Randall, J. D, and J. V. Walker, "The Elimination of Flux
Perturbation Associated with Neutron Detecting Foils,"

Nucl. Sci. Fngr., 11, 69 (1961).

3. Randall, J. D, and J. V. Walker, ''Non-Perturbing Foils - An

Experimental Verification," Nucl. Sci. Engr. 15, 344 (1963).

Page 13-4



APPENDIX I TO REPORT ON SPACE TECHNOLOGY PROJECT NO. 13

THE EFFECTS OF EPITHERMAL NEUTORN FLUX ANISTROPY ON CADMIUM

CORRECTION FACTORS FOR CADMIUM COVERED INDIUM FOILS IN WATER
Objective: The object of this research is to determine how

the fraction of epithermal neutrons abosrbed by the cadmium covers

of resonance neutron detectors varies with the angular distribution

of the incident neutrons and the thickness of the detector.

Present Status of the Question: When a foil is used to detect

resonance neutrons, it is often covered with cadmium to eliminate
thermal neutron activation., This cadmium filter also absorbs some

of the resonance neutrons, and to correct this effect a factor

usually denoted by F_4 has been determined by several investigators
(1-9). Each of these investigators determined F.q in the isotropic
case by plotting the logarithm of the resonance activity as a functior
of the cadmium cover thickness and by extrapolating the resulting
curve to zero cover thickness. A ratio was then taken of the

actiyity at zero cover thickness to the activity at some arbitrary
cover thickness to obtain ch.
Recently, however, Powell and Walker (10) have shown that ch
in the case of an isotropic flux is not a logarithmie function, but
instead it is a third order exponential integral function, The
resonance activity should be plotted as a function of Eq To(e) -

E3 Tc(e) +~Tf(e) where the Eq functions are third order exponential

integrals, and the (e) are the foil and cadmium cover thicknesses

Page 13-5



in units of absorption mean free paths. They also found that ch
was a slight function of the thickness of the detector for all
detector thicknesses below 90 mg/cm2 while it reached a constant
value of 1,123 above 90 mg/cmz.

The usefulness of ch as determined by the above investigators
is somewhat limited because many experiments are not carried out
in isotropic fluxes. Therefore, it is important that some insight
be gained into the problem of ch in the anisotropic case.

Truby, et al,, (9) have been the only investigators to attempt
a determination of ch in an anisotropic epithermal flux. They

measured F.q at various distances from a point source of resonance

neutrons and found that ch was very sensitive to the angular distri-

bution of the neutrons. However, their determination of ch by

using the logarithmic fit leaves their results open to question,

Since the determination of ch involves the extrapolation of a non-

linear curve, it is impossible to treat the experimental data without

first determining the functional dependence of the resonance activ
upon the cadmium cover thickness from theoretical considerations,
So far as theoretical considerations are concerned, it should
noted that in the determination of F.q all neutron energies lie ab
the cadmium cutoff energy so that there is essentially zero flux
perturbation at the surface of the foil. Therefore, many of the
problems created by an incident thermal flux do not exist.

Procedure: In order to obtain a theoretical expression for Fc
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in the case where the incident angular distribution of the resonance
neutrons is not isotropic, it is necessary to consider the incident
neutron current upon the surface of a bare and cadmium covered
detector, 1If the detector and cadmium cover are both considered

to be infinite, purely absorbing slabs it can be shown that ch

is given by

1
Yed
< d - =cd
Ly = jg udJouuY(’s’u,u>(1*e Tf/“)f)‘g“dujfwv(}u,u)(1-e*"f/u)

a o
Ued J’ T fuy=T /,,,J‘Qd
- - cd u +r T
‘le Udu équ(§,u,U)(l e £/h)e K o a duuY(ﬁ,u,u)(l-e f/“)e cd/

the asterisk indicating the anisotropic F .4 and u.g being the value
of the lethargy variable corresponding to the cadmium cutoff energy
which may be determined from the results of Stoughton, et al., (11).
The ¥(x,u,u) functions are solutions of the energy dependent inte-
grodifferential Boltzmann equation (12) in slab geometry.

To obtain the y(x,u,u) functions the moments solution of the
Boltzmann equation (13-15), in which the integrodifferential equatior
is transformed into a set of integral equations, will be used., This
technique has been previously used to calculate the neutron scaler
flux due to a fission source in a water medium by Aronson, et al.,
an.

The assumption of an infinite slab detector in the theoretical
considerations should adequately describe the 2 cm. diameter foils
which will be used in the experimental investigation since it has
been shown by Martinez (16) that a foil with a thickness less than

.020 in, and a diameter greater than four absorber mean free paths
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can be considered an infinite slab (2 cm. = 6.3 abosrber mean free
paths), Although experimental verification has not been obtained
directly, the same assumption for the cadmium covers should be

valid since Powell, et al., (10) made this assumption in determining
F.q theoretically for the isotropic case and obtained substantial
agreement between their experimental and theoretical results, The
cadmium covers which will be used in this investigation will be
equivalent to those used in reference (10).

The experimental data will be obtained by activating cadmium
covered 2 cm, diameter indium foils with thicknesses varying from
2 to 8 mils at eight different positions out from a plane source of
fast neutrons. One inch diameter covers will be constructed from
four thicknesses of cadmium varying from 30 to 60 mils.

The source will be constructed from three 2-curie Pu-Be neutron
sources which will be placed in a sixty gallon tank containing
distilled water. The water will be constantly recirculated through
a demineralizer to maintain a high purity, while the water temperatu:
will be kept constant within + 2°F.

The activity of each foil will be obtained by use of a gamma
scintillation spectrometer. Each foil will be placed in a NaI(Tl)
well type crystal, and an integral count will be taken of the indium
gamma ray spectrum. The system will be standardized to within
+ 1/3% before and after each count. Enough individual activationms

will be obtained so that the activity of each foil with each cadmium
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cover thickness will be known within + 1/2%,
The data will then be fitted according to the functional
variation predicted by the theoretical considerations with ch

being determined from this fit,
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